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A  STUDY  OF  THE  INTERACTIONS  OF  SELECTED  COMBINATIONS 
OF  SUBGRADE  AND  BASE  COURSE  SUBJECTED  TO  REPEATED  LOADING 

INTRODUCTION 

The  pumping  of  rigid  pavements,  as  defined  by  the  Highway  Research 

Board  Committee  on  Maintenance  of  Concrete  Pavements  as  Related  to  the 

Pumping  Action  of  Slabs,  consists  of s 

Th«  ejection  of  water  and  subgrade  soil  through  joints^, 
craeks^  and  along  the  edge  of  the  pavements  caused  by  the 
downward  slab  movement  actuated  by  the  passage  of  heavy  ve- 
hicle loads  over  the  pavement  after  accumulation  of  free 
water  on  or  in  the  subgrade,  (22) 

The  conditions  necessary  for  the  development  of  destructive  pave- 
ment pumping  are  believed  to  be  as  follows  (29) t 

io  The  subgrade  must  have  soil  characteristics  that  will 
develop  a  soil-water  slurry  or  mud  tinder  the  repetitive  acti©n 
of  the  slab- 

20  Free  water  must  be  available  to  permit  the  formation 
of  the  soil-water  slurry „ 

3«  Traffic  loads  must  be  heavy  enough  to  cause  the  pave- 
ment slab  to  deflect  appreciably  under  the  application  of  the 
axle  load  to  the  joint  or  free  edge  of  slab,, 

U»     The  frequency  and  weight  of  traffic  must  be  great 
enough  to  overatress  the  slab  after  reduction  of  subgrade 
support  by  pumping  to  develop  cracking  and  subsequent  settle- 
manic 

Pumping  of  rigid  pavements  in  the  state  of  Indiana  first  became 
apparent  as  a  problem  about  1943  (17)  and  rapidly  increased  in  sever- 
ity a  Surveys  made  for  the  Indiana  Highway  Department  showed  thatp 
while  pumping  had  been  practically  non-existent  in  1940$  by  1943 
approximately  s5jc  percent  of  the  total  mile    of  rigid  pavement  was 
affected.  This  had  increased  to  12  percent  by  1947  (16)  and  a  1954 
survey  (unpublished)  showed  a  further  increase  to  21  percent* 

Early  surveys  showed  that  rigid  pavements  placed  directly  on 
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granular  subgrades  were  not  subject  to  pumping  and  this  led  to  the  intro- 
duction of  thin  layers  of  granular  material  for  use  as  a  filter  course 
between  the  pavement  and  fine  grained  subgrades,.  These  materially  re= 
duced  pumping  of  the  subgrade,  but  for  some  combinations  of  base  and 
subgrade  resulted  in  pumping  or  "blowing"  of  the  base  course  (15) o  It 
became  apparent,  therefore,  that  attention  must  be  directed  to  the 
gradation  of  the  base  course  material  as  related  to  the  magnitude  and 
frequency  of  the  loads  imposed  through  the  overlying  pavement,  and  as 
related  to  the  characteristics  of  the  underlying  subgrade. 

The  investigations  reported  herein  were  part  of  a  contracted 
study  on  pumping  of  rigid  pavements  conducted  under  a  contract  between 
the  Purdue  Research  Foundation  and  the  Arctic  Construction  and  Frost 
Effects  Laboratory,  Corps  of  Engineers,  U%  So  Army0  A  field  inves  iga= 
tion  on  pumping  of  highway  and  airfield  pavements  was  included  as  a 
part  of  the  over-all  investigation.  These  data,  however,  are  now 
included  in  this  report  but  constitute  a  separate  report-, 


PURPOSE  AND  SCOPE 

The  laboratory  study  of  pumping  deseribed  in  this  report  was 
initiated  in  an  attempt  to  evaluats,  under  controlled  laboratory  son- 
ditions^  the  relative  influence  of  subgrade  and  base  course  type  on 
the  pumping  of  rigid  pavements,,  In  developing  techniques  for  this 
study  it  was  postulated  that  pavement  pumping  might  result  from  fen© 
separate  processes 0 

For  the  first  of  these  to  be  operative,,  it  is  necessary  that  small 
accumulations  of  free  ^atef  be  present  directly  under  a  rigid  pavement 
slab.,  Such  a  condition  might  conceivably  exist  during  a  frost  melting 
period  or  after  prolonged  rainfall*  since  perfect  contact  between  slab 
and  base  course  is  generally  not  maintained  at  all  points  and  at  all 
times o  Deflection  of  the  loaded  pavement  slab  -will  cause  this  wate? 
to  floft  laterally  over  the  surface  of  the  bass  course  to  outlets  at 
cracks j,  joints  and  pavement  edges  c  Soil  particles  may  be  carried 
along  with  the  water,,  and  a  mixture  of  water  and  soil  ejected  fresa 
beneath  the  pavement.  Such  movement  of  soil  is  ercsional  in  nature,, 
and  will  tend  to  become  progressive*  The  size  of  soil  grains  which  may 
be  removed  by  this  process  will  be  governed  by  the  pavement  deflection^, 
the  clear  space  between  the  pavement  and  the  base  course,,  and  the  size 
of  the  openings  through  which  the  particles  may  escape*  Observations 
of  locations  at  which  pumping  has  actually  occurred  have  shown  that 
particles  one-quarter  of  an  inch  in  diameter^  or  even  larger^  may  b© 
thus  removed  from  beneath  the  pavement. 

This  eroslonal  type  of  pumping  has  bean  graphically  described  in 
the  final  report  on  the  Maryland  Te3t  Road  (29 »  p  54)  which  reads % 


If  these  four  conditions  (necessary  for  the  onset  of  pumping) 
are  present  on  a  concrete  road,  the  following  order  of  related 
events  will  occurs 

lo  When  the  first  heavy  axle  load  is  applied  there  will  be 
a  deflection  of  the  slab  and  the  subgrade  will  be  deformed  in 
proportion  to  the  magnitude  of  the  downward  movement  of  the 
slab,, 

2c  After  the  removal  of  the  applied  load  the  deflected  slab 
returns  to  its  original  alignment  and  a  certain  degree  of  loss 
of  subgrade  contact  will  occur  at  the  critical  deflection  points „ 

3*  This  loss  of  subgrade  contact  with  the  pavement  creates 
a  space  under  the  slab  which,  if  given  access  to  free  water g 
quickly  becomes  filled  and  softening  of  the  top  layer  of  sub- 
grade  8 oil  begins, 

Uc.     Subsequent  deflections  of  the  slabs  under  successive 
applications  of  load*,  increase  the  sisse  of  the  area  of  non~ 
subgrade  contact  with  the  slab  and  at  the  same  time  develops 
the  soil  water  slurry  which  is  ejected  in  increasing  amounts 
during  the  downward  bending  of  the  slab  under  the  applied  loads * 

5„  As  this  8lab«subgrade  action  is  repeated  the  deflection 
for  the  same  intensity  of  load  application  increases  in  pro- 
portion to  the  loss  of  subgrade  contact  and  the  stress  in  the 
slab  increases  until  a  point  is  reached  where  the  developed 
stress  results  in  the  craeking  of  the  pavement.  After  the 
slab  craekss  faulting  and  settlement  occur p  with  further  appli- 
cation of  loads „ 

A  second  type  of  pumping  could  conceivably  result,  from  the  move- 
ment of  fine  soil  particles  into  or  through  the  base  course^  actuated 
by  pore  water  pressures  within  the  subgrade  and  by  a  kneading  action 
at  the  contact  surface  between  the  subgrade  and  base  course „  To  create 
this  condition,  it  is  necessary  that  the  soil  have  a  high  degree  ©f 
saturation  so  that  appreciable  pore  water  pressures  will  result  from 
small  deflections  of  the  loaded  pavement.,  It  la  further  neeessary 
that  the  base  course  immediately  above  the  subgrade  shall  have  openings 
of  sufficient  siae  to  permit  the  entrance  and  movement  of  the  finer 
soil  particles o  Removal  of  the  finer  particles  of  a  densely-graded 
base  course  by  similar  means  Is  also  a  possibility a  and  the  same  erl~ 
teria  apply  for  its  occurrence e 

Intermixing  of  the  subgrade  soil  and  the  base  course  at  the  place 


of  contact  is  related  to  pavement  faulting  rather  than  to  pavement 
pumping;,  since  ejection  of  soil,  particles  need  not  take  place*  The 
possibility  of  such  mixing  occurring  is^  however,,  related  to  the  rela- 
tive gradation  of  the  subgrade  and  base  course,  Large  pavement  deflec- 
tions will  tend  to  promote  such  mixing*,  as  will  the  presence  of  free 
water  above  cohesive  subgradeSo 

Two  types  of  tests  were  therefore  designed  to  investigate  the 
postulated  methods  of  pumpingo  In  the  first  of  these^,  referred  to  as 
"single-acting, "  the  loading  piston  remained  in  contact  with  the  base 
eourse  at  all  times  and  merely  applied  loads  at  a  controlled  magnitude 
and  ratec  In  the  second  types  known  as  "double-act ings "  the  loading 
piston  was  initially  in  contact  with  the  base  course  but  returned  ts» 
its  aero  position  after  each  application,  hence  the  length  of  stroke 
was  equal  to  the  total  deflection  in  the  system.,  The  factors  selected 
for  detailed  investigation  were  as  follows s 

1;  Pressure  on  the  subgrade-base  course  structure 

2U     Subgrade  type 

3^  Base  course  type 

4<>  Subgrade  compaction 

5o  Base  course  compaction 

Because  of  the  large  number  of  tests  involved  in  investigating 
every  possible  combination  of  factors s  it  was  decided  that  only  two 
levels  of  each  factor  would  be  studied 0  Values  for  these &   which  are 
listed  in  Table  1,  were  selected  to  give  as  wide  as  possible  a  range  of 
test  conditions  yet  remain  within  the  realm  of  field  conditions^,  with 
the  choice  of  40  pel  for  the  highest  level  of  pressure  possibly  being 


an  exception*  This  intensity  exceeds  that  generally  measured  beneath 
rigid  pavements  (5)  and  was  selected  to  accentuate  the  effect  of  pres- 
sure on  the  variables  studied^  Each  specimen  was  subjected  to  A0,000 
load  applications ,  Prior  to  ail  tests  the  subgrade  was  permitted  to 
absorb  water  from  beneath  for  a  period  of  three  days  and  the  base  course 
was  filled  with  water  to  the  top  of  the  loading  piston  before  testing2 
since  this  was  considered  representative  of  a  critical  condition  in  the 
field  performance  of  rigid  pavements0 

TA&E  1  ~~  SELECTED  TEST  CONDITIONS 


FACTOR 

Pressure 

Subgrade  type 

Base  type 

Subgrade  compaction 

*Base  compaction 


LEVEL JL 

10  psi 

CL  (Crosby) 

Open-graded 

95%  Std,  A,A„SoHcO< 


'5P 


Oo75 


LEVEL,  2 

J+Q  psi 

CH  (Frederick) 

Dense- graded 

95%  Mod.  AcA.S  H,0. 


#Dr  s  density  ratio  as  specified  by  Lane 


In  addition  to  the  tests  on  each  combination  of  subgrade  and  base 
course,  a  test  series  was  performed  in  which  the  subgrade  was  loaded 
directly  with  no  intervening  base  course „  A  few  tests  were  also  per- 
formed on  the  base  course  alone  in  ordes*  to  determine  the  extent  of 
degradation  during  the  course  of  the  test,- 


PREVIOUS  WORK  ON  FILTERS 
The  need  for  a  filter  layer  under  pavements  is  recognized  in  the 
current  design  specifications  of  the  Corps  of  Engineers  (19) ,  which 
read  as  follows 2 

Where  the  combined  thickness  of  pavement  and  base  over  a  frost 
susceptible  subgrade  is  less  than  the  design  depth  of  frost  pen©~ 
tration.  the  following  additional  design  requirements  shall  apply t 

(a)  For  both  flexible  and  rigid  pavements,  the  bottom  4  inches 
of  base  as  a  minimum  shall  consist  of  any  non-frost  susceptible 
gravely  sand^,  oespeeninga^  or  similar  material  and  shall  be  de- 
signed as  a  filter  between  the  subgrade  soil  and  overlying  base= 
course  material  to  prevent  mixing  of  the  frost-susceptible  sub- 
grade  with  the  base  during  and  immediately  following  the 
frost-melting  period.  The  gradation  of  this  filter  material 

shall  be  determined  in  accordance  with  criteria  presented  in 
Paragraph  2-11  of  Chapter  2g   Part  XIII ,  of  the  Engineering 
Manual  (21) ,  with  the  added  overriding  limitation  that  the  fil- 
ter material  shall ,  in  no  cases  have  more  than  3  percent  by 
weight  finer  than  0„Q2  mm*  Experience  indicates  that  a  non- 
frost^susceptible  sand  is  particularly  suitable  for  this  fil- 
ter course  o  On  the  other  hand;,  experience  shows  that  a  fine- 
grained subgrade  soil  will  work  up  into  an  improperly  graded 
overlying  gravel  or  crushed  stone  base  course  under  the  kneading 
action  of  traffic  during  the  fro3t-melting  period,  if  a  filter 
course  is  not  provided  between  the  subgrade  and  base  course » 

(b)  For  rigid  pavementss  the  85  percent  size  (the  size 
particle  for  which  85$  of  the  material  by  weight  is  finer)  of 
filter  or  regular  base^course  material  placed  directly  beneath 
pavements  shall  b©  equal  to  or  greater  than  1/4  inch  in  diam- 
eter o  The  purpose  of  this  requirement  is  to  prevent  loss  of 
support  by  pumping  soil  through  the  joints  of  rigid  pavements 0 

The  filter  requirements,  &3   given  in  the  reference  (21)  are  as 

follows s 

(a)  General  -  Placing  backfill  in  trenches  where  drain 
pipes  are  located  should  serve  a  dual  purpose?  it  must  prevent 
the  movement  of  particles  of  the  soil  to  be  drained  and  it  must 
be  pervious  enough  to  allow  free  water  to  enter  the  pipe  with- 
out clogging  it  with  fine  particles  of  soil*  The  material 
selected  for  backfill  is  called  'filter  material,4 
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(b)  Theoretical  design  of  filter  material  -  In  order  to 
fulfill  the  purpose  of  a  filter  material^  an  empirical  design 
based  upon  a  modification  of  the  original  method  developed  by 
Ko  Terzaghi  has  been  establlshedy  substantiated  by  tests 
conducted  on  protective  filters  used  for  the  protection  of 
soils  in  the  construction  of  earth  dams„ 

To  prevent  clogging  the  pipe  with  small  particles  infil- 
trating through  the  openings P  the  following  requirements  must 
be  satisfied-, 

85  percent  of  filter  material  ^  - 
size  of  opening  in  pipe 

To  prevent  the  movement  of  particles  in  the  protected 
soilp  the  following  conditions  must  be  satisfied? 

15  percent  size  of  fates'  material  <e 
85  percent  size  of  protected  soil 

When  the  protected  soil  is  plastic  and  without  sand  or 
silt  partings £  the  15  percent  size  of  the  filter  material 
need  not  be  less  than  1  mnu 

To  permit  free  water  to  reach  the  pipe,  the  filter 
material  must  be  many  times  more  pervious  than  the  protected 
soilo  It  has  been  found  that  this  condition  is  fulfilled 
when  the  following  requirements  are  satisfied? 

15  percent  size  of  filter  material  -_..  - 
15  percent  size  of  protected  soil  — 

The  empirical  relationship  between  size  of  filter  and  size  of 

material  which  is  to  bs  protected  wa3  first  proposed  by  K.   Terzaghi 

(U«  p*  50) j,  for  the  design  of  inverted  filters  to  control  seepage 

pressures  under  dams  on  permeable  foundations „  His  proposed  criteria 

for  filter  design  were  related  to  the  grain  size  curves  for  the  filter 

and  base  material  by  the  following  requirements g 

(a)  The  15  percent  size  of  the  filter  material  should  be  at 
least  four  times  as  large  as  the  15  percent  size  of  the  base  material-. 

(b)  The  15  percent  size  of  the  filter  material  should  not  be 
more  than  four  times  as  large  as  the  85  percent  size  of  the  base 
material . 


In  1939 ,  at  Harvard  University  9  Go  E0  Bertram  made  a  study  (4) 
of  filter  requirements  by  placing  uniform  sisea  of  sand  and  crushed 
quartz  into  lucite  tubas  two  inches  in  diameter  and  six  inches  in  length, 
and  permitting  vertical  drainage  under  various  hydraulic  heads 0  The 
results  showed  thatP  for  the  materials  investigated,;  a  filter  meeting 
the  following  gradation  requirements  would  successfully  prevent  the 
movement  of  base  material  Into  feh®  fHt«2°g  ©ver  a  range  of  hydr&ulie 
gradients  between  six  and  twenty „ 

(a)  In  the  tests  performed^  the  15  percent  size  of  the  filter 
material  was  ten  to  15  tim©3  as  large  as  the  15  percent  size  of  the 
base  materialo  In  all  tests  except  one,  ratios  between  eight  and  ten 
of  15  percent  size  of  filter  to  15  percent  size  of  base  material  proved 
stable  c 

(b)  The  15  percent  size  of  the  filter  material  was  not  mare  than 
six  times  as  large  as  the  85  percent  size  of  the  base  material. 
Extreme  care  was  taken  to  avoid  disturbance  from  shocks  while  perform- 
ing th*  tests o 

A  few  tests  were  performed  with  graded  materials^  but  the  number 
was  insufficient  to  establish  critical  size  ratios <>  Bartram  re<s©g~ 
nized  the  desirability  of  a  serias  of  tests  on  graded  materials,  how- 
ever, and  suggested  that  such  a  study  be  conducted,, 

In  1941  the  UoSo  Corps  of  Engineers  at  Vicksburgj,  Mississippi 
.conducted  a  series  of  tests  (25)  to  examine  the  validity  of  existing 
design  requirements  for  filters e  A  granular  filter  was  placed  in  a 
permeameter,  covered  with  a  fine  sand  base  material  .g,  and  subjected  to 
downward  flowo  Tests  were  psrformsd  in  wiiieh  the  finer  uizes  were 
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successively  removed  .from  the  filter  until  the  limiting  gradation  was 
reached*  The  conclusions  from  the  study  were  in  part  as  follows s  . 

(a)  A  fine  material  will"  not  wash  t&rough  a  filter  material 
if  the  15  percent  size  of  ths  filter  material  is  less  than  five 
times  as  large  as  the  85  percent  size  of  the  fine  base  materia!,, 

(b)  In  addition  to  meeting  the  above  size  specifications P 
the  grain  size  curves  for  filter  and  base  materials  should  be 
approximately  parallel  in  order  to  minimise  washing  of  the 
fine  baBe  material  into  the  filter  material , 

(e)  Filter  materials  should  be  packed  densely  in  order  t© 
reduce  the  possibility  of  any  change  in  the  gradation  due  t© 
movement  of  the  fines 0 

(d)  A  filter  material  is  no  more  likely  to  fail  when  flow 
is  in  an  upward  direction  than  otherwise^  unless  the  seepage 
pressure  becomes  sufficient  to  cause  flotation  ©r  a  "quick11 
condition  of  the  filter « 

The  desirable  ratio  of  15  percent  size  of  filter  material  to  15 
percent  size  of  base  material  was  not  determined.,  For  the  typical 
grain  size  distribution  curves  included  with  the  report^  this  ratio 
varied  from  2<>7  to  eighteen <,  When  downward  flow  was  utilized^,  the 
materials  were  tested  with  a  hydraulic  gradient  which  was  approxi- 
mately equal  to  two, 

Partially  from  the  findings  of  these  studies ,  the  Corps  of  Engi- 
neers adopted  its  present  specifications  for  filter  design o  It  should 
be  recognized  that^,  in  all  the  investigations  reported  thus  £&rs   the 
filter  requirements  were  determined  from  seepage  tests  performed  on 
coheslonless  base  materials „  Particular  care  was  taken  throughout  the 
test  to  prevent  any  disturbance  of  the  materials  by  vibrations  or 
shocks.,  The  design  of  protective  filters  for  saturated  cohesive  base 
materials  subjected  to  repetitive  dynamic  loading  apparently  was  nofe 
studied^  although  several  investigations  pointed  out  the  desirability 
of  investigating  this  condition  (4)  (l)  (22).,  Similarly 8   the  influence 
of  variation  in  the  grading  of  a  filter  on  its  performance  was  not 
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thoroughly  examinedj,  although  the  critical  limitations  for  the  upper 
and  lower  sizes  received  detailed  attention, 

Philip  Keene  has  reported  (8)  on  studies  performed  by  the  Con- 
necticut Highway  Department  to  examine  the  validity  of  present  cri- 
teria for  the  design  of  filters  for  highway  sub-drains 0  The  results 
indicated  that  piping  ratios  (ratio  of  the  Djc  size  of  the  filter 
material  to  the  Dgg  size  of  the  subgrade  material)  of  four  for  uni- 
form soils  and  considerably  higher  than  five  for  well~graded  soils 
would  be  satisfactory „ 

Tatum  (13),  in  a  series  of  tests  for  the  Virginia  Department  of 
Highways^  investigated  the  effect  of  repetitive  loading  on  combinations 
of  subgrade  and  base  course  0  Two  subgrades^,  an  MH  and  an  ML*  were 
used  in  this  study0  Pressures  ranging  from  13o5  to  5806  pel  were 
applied  by  means  of  a  cam  and  weighted  lever ^  with  the  loading  piston 
always  remaining  in  contact  with  the  test  samples „  Minor  pumping  of 
the  subgrade  into  a  stone  base  was  observed,  with  the  more  silty  ML 
moving  somewhat  more  readily  than  the  MHo 

Barber  and  Sawyer  (1)  further  extended  the  concepts  of  filter 
design  by  performing  a  limited  series  of  tests  in  which  typical  base 
course  materials  were  submerged  and  subjected  to  repetitive  loading, 
A  loading  piston  remained  in  contact  with  the  base  course  throughout 
the  tests^  and  load  was  repeatedly  applied  by  a  weighted  beam  actuated 
by  a  rotating  cam0  After  10s000  repetitions  of  a  load  of  U  kips  per 
square  foot  (2?08  pai)a  a  small  amount  of  pumping  had  occurred  in 
samples  of  gravel  which  contained  10  percent  or  more  by  weight  pass* 
ing  the  #200  sieve 0  Combinations  of  filter  material  and  base  material 
were  not  studied^  although  it  was  recognised  that  a  fine  base  material 


12 


might  be  intruded  into  a  coarse  filter  layer  by  such  a  test  procedure 0 
The  authors  suggested  that  the  exact  ratios  of  permissible  grain  sizes 
for  subgrade  and  base  course  should  be  given  further  study e 

Seeds  Chan,  and  Moniamlth  (12)  reported  the  results  of  repetitive 
loading  tests  on  a  partially  saturated  silty  clay  of  medium  plasticity. 
The  soil  was  compacted  to  densities  varying  from  95  percent  to  105  per- 
cent of  that  obtained  in  a  modified  AASHO  compaction  test  (18)  using 
kneading  compaction^,  followed  by  static  compaction^  to  produce  a  final 
degree  of  saturation  ranging  from  92  percent  to  97  percent „  Specimens 
lc4  inches  in  diameter  and  4°0  inches  in  height  were  trimmed  from  the 
compacted  soil?  confined  under  a  lateral  pressure  of  1Ao2  psi  and 
loaded  repetitively  with  an  axial  stress  of  40  psi  by  means  of  a  levesp 
type  loading  frame,  From  50s000  to  lOOgOOO  stress  repetitions  were 
applied  with  each  load  sustained  for  one  second.  The  interval  between 
loadings  was  varied  between  three  applications  per  minute  and  20  appli- 
cations per  minute^,  and  the  authors  concluded  that  "up  to  at  least 
100 j, 000  applications  of  stress s  the  specimen  deformation  depended  only 
on  the  number  of  strass  applications  and  was  not  affected  by  the  fre^ 
quency  of  application »  A  limited  number  of  tesfcs  indicated  that  this 
conclusion  is  also  valid  to  frequencies  as  low  as  one  application  per 
minute,"  (12,  p,  551) 

It  appears  that  the  problem  of  filter  protection  for  cohesionless 
soils  under  static  loading  conditions  has  been  investigated  in  detail*, 
and  satisfactory  criteria  established  for  the  design  of  such  filters  <> 
Criteria  have  similarly  been  proposed^,  although  with  little  supporting 
experimental  data^  for  the  design  of  filters  over  cohesive  soils,,  with 
the  same  type  of  loading.  Except  for  data  presented  by  Tatum  (13) » 


'?. 


however s   no  experimental  studies  have  been  reported  to  establish  the 
validity  of  these  filter  criteria  when  applied  to  the  design  of  a  base 
course  between  a  rigid  pavement  and  a  fine  grained  subgrade0  In  this 
situation^  dynamic  applications  of  stress  are  repeatedly  applied  during 
the  life  of  the  pavement 0  An  adequate  filter  must-  not  intermix 
excessively  with  the  aubgrade,  must  restrict  any  Infiltration  by  the 
subgrade,  and  must  itself  remain  internally  stable,, 
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TEST  ECUIMEHT 

In  order  to  perform  the  desired  series  of  tests  on  combinations  of 
subgrades  and  bases,  it  was  first  necessary  to  design  repetitive  load- 
ing equipment  with  adjustable  cycling  time  and  a  suitable  range  of 
pressures a  A  study  of  the  possible  loading  systems  indicated  that  one 
actuated  by  compressed  air  would  permit  the  rapid  application  and 
release  of  load,  while  retaining  the  desired  flexibility  of  operations 
Accordingly,  a  testing  machine  (see  Figures  1  and  2)  was  prepared  by 
mounting  comraerclally^vailable  parts  in  a  loading  frame  constructed 
localiyc  A  brief  description  of  the  component  parts  and  their  funetions 
will  now  be  given*,  / 

Compressed  air  at  100  t©  110  psi  outlet  pressure  was  supplied  by 
an  air  compressor,  powered  by  a  7|  hp„  electric  mot@r0  From  the  com- 
pressor tank  a  one-inch  diameter  galvanized  pipe  led  through  an  air 
line  filter  to  remove  moisture  and  any  foreign  particles  from  the  air, 
and  thence  into  a  pressure  regulator,,  This  regulator,  of  the  diaphragm 
type,  was  found  to  regulate  the  outlet  pressure  quite  accurately  while 
still  permitting  the  sudden  and  intermittent  flow  of  air  required  to 
produce  the  repetitive  type  of  loading 0 

From  the  pressure  regulator  the  line  passed  through  an  air  line 
lubricator  and  branched  to  enter  two  Bellows  Bel-Air  electrically- 
controlled  valves,  each  of  which  was  connected  to  one  end  of 
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Flg^  2   Repetitive  Loading  Equipment 


1? 

a  Bellows  Power  Dome  air  cylinder .  This  cylinder  was  mounted  verti- 
cally to  the  upper  platen  of  a  loading  frame  and  afforded  a  downward 
stroke  of  from  aero  to  two  inches  for  the  loading  piston >  A  loading 
head  attached  to  the  loading  piston  applied  load  directly  to  samples 
of  subgrade  and  base  course  placed  on  the  lower  platen  beneath  the 
air  cylinder,,  The  totel  load  which  was  applied  could  be  controlled 
by  adjusting  the  pressure  regulator ^  while  both  the  durat3.on  ©f 
load,  and  the  time  interval  between  successive  load  applications 
could  be  regulated  through  the  Bel-Air  Valves  by  means  of  an  Agastat 
double-acting  Timer*  Any  desired  number  of  loading  cycles  between 
zero  and  99^999  could  be  preset  by  means  of  a  predetermined  counter, 
Manual  valves  and  switches  were  so  arranged  that  one  Bel-Air  valve 
could  be  removed  from  the  system  if  desired^  resulting  in  a  single- 
acting  stroke  of  the  loading  piston  rathe?  than  its  normal  recipro- 
cating action,, 

The  regulator  could  be  adjusted  to  approximately  the  desired 
pressure  for  any  test  series  by  observing  a  dial  gauge  connected 
directly  to  the  pressure  dome  of  the  regulator.,  More  precise  pressure 
regulation,  as  well  as  adjustment  of  the  loading  eycle5  was  accomplished  by 
the  use  of  a  Linear  Variable  Differential  Transforms    This  was 
mounted  in  a  4^,000  lb.,  capacity  proving  ring  and  was  initially  calib* 
rated  against  known  loads  in  a  hydraulic  testing  machine „  Subsequent 
adjustments  of  the  LoD,T„  to  compensate  for  zero  drift  were  readily 
accomplished  by  balancing  output  voltage  with  calibrated  impedances. 

The  proving  ring  and  L,D;T„  formed  an  integral  part  of  the  load- 
ing pistonp  remaining  in  place  throughout  all  tests-  Voltage  output 
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from  the  L^DoT,  was  paaaed  through  a  Brush  Universal  Analyzer  and 
recorded  directly  as  a  load-time  kurve  on  a  recording  oscillograph ( 
Adjustments  of  the  pressure  regulator  and  the  Agasfcat  Timer  were 
continued  until  this  load-time  curve  showed  the  desired  character- 
istics  for  each  test  series „ 
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MATERIALS  TSSTED 

Soils 

Two  soils  were  used  as  subgrade  material  in  this  study,,  The  first 
of  these,  a  yellowish-brcwn  siity-clay  was  obtained  in  the  immediate 
vicinity  of  Lafayette^,  Indiana,,  Known  pedaiogically  as  a  Crosby  soil 
(B  horizon) g   it  occurs  in  the  Wisconsin  Drift  Areas  of  Indianaj,  Michi- 
gan and  OhiOfi  forming  extensive  till  plains  of  level  to  undulating 
topography  =,  Atterberg  limits  of  this  soilj,  performed  on  the  entire 
sample  at  field  moisture^  are  as  follows? 

Plastic  limit  =  21,0       Plasticity  index  =  18 0 4 
Liquid  limit   =  39,4       Flow  index      s  10,6 

The  second  soil  employed  as  a  subgrade  was  a  reddlsh~coloreds 
highly-plastic  clay  formed  in  place  from  the  weathering  of  limestone 
rockj  and  classified  pedaiogically  as  a  Frederick  soilo  It  is  developed 
on  the  rolling  topography  of  the  impure  limestone  region  of  Virginia^, 
Tennesseep  Maryland  and  Indiana,  and  is  distinguished  by  its  highly 
developed  internal  drainage  in  the  undisturbed  state,,  When  remolded^ 
however^  its  open  structure  is  destroyed  and  the  soil  becomes  very 
plastic  and  difficult  to  workc  Plasticity  of  this  soil  also  increases 
as  the  bed  rock  is  approached,.  The  particular  soil  used  in  this  study 
was  obtained  close  to  bedrock  in  a  highway  cut  approximately  one  mile 
south  of  Bedford >  Indiana . 


Attorberg  limits  of  this  soil,  performed  on  the  entire  sample  at 
field  moisture,  are  as  follows t 

Plastic  limit  »  29 . 2  Plasticity  index  ■  63 °2 

Liquid  limit   *  92c4  Flow  index       =  23o2 

A  third  soil?  pedaloglcally  classified  as  a  Vigo  silt,  was  used 
as  a  filler  to  supply  the  required  percentage  passing  the  #200  U<,S0 
sieve  in  preparing  samples  of  dense-graded  base  course c  This  deeply- 
weathered  silt  is  found  in  the  slightly  undulating  uplands  of  the 
Illinoian  drift  areas  of  southwestern  Indiana 0 

Due  to  the  lack  of  humid  storage  space  it  was  not  possible  to  pre- 
serve these  soils  at  their  field  moisture  contents  All  soils  were 
therefore  air  dried  in  the  laboratory ^  processed  and  stored  until  re- 
quired o  Routine  laboratory  tests  were  performed  on  the  soils  in  this 
condition*  Results  of  these  tests  are  presented  in  Table  23 

Base  Course  Materials 

The  base  course  materials  consisted  primarily  of  glacial  gravel 
from  the  lower  Wabash  River  terrace.,  and  were  obtained  near  Lafayette, 
Indiana o  A  small  quantity  of  dune  sand  from  northern  Indiana  was  added 
to  supply  the  fraction  between  #80  and  #200  UoSo  sieves^  and  Vigo  silt 
was  used  for  the  fraction  passing  the  #200  U0S„  sievep  as  previously  notsd0 

Two  gradations  of  base  course  were  selected  for  study  in  these 
tests o  Both  were  well-graded  mixtures,  with  a  maximum  size  of  3/4 
inches  (Figure  3)c  However,,  one  gradation  had  7o0  percent  by  weight 
finer  than  the  #200  U<,S„  sieve,  while  the  other  contained  no  sizes 
finer  than  the  #80  U0Sc  sieve „  These  bases,  which  will  hereafter  be 
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TABLE    2 


RESULTS    OF    CLASSIFICATION    TESTS 
ON  SOILS    USED     IN    STUDY 


SOIL 
CHARACTERISTIC 

SOIL    TYPE 

CROSBY   CL 

FREDERICK    CH 

VIGO  ML 

Specific  Gravity  of  Solids 

2.69 

2.80 

2.70 

Size  Distribution 

Gravel  %    (  >  -#-4  sieve) 

0 

0 

0 

Sand  %    (<#4>#200) 

18.0 

14.0 

19.7 

Silt  and  Clay%  (<-#-200) 

82.0 

86.0 

80.3 

Standard    Compaction 

STD. 
AASHO 

MOD 
AASHO 

STD. 
AASHO 

MOD. 
AASHO 

Optimum  Moisture  Content (%) 

19.2 

13.5 

27.9 

19.5 

Not 
Performed 

Maximum  Dry  Unit  Weight 

107.4 

119.3 

91.8 

106.7 

(lb. /ft.3) 

Atterberg    Limit 

Liquid   Limit 

38.5 

88.5 

29.9 

Plastic   Limit 

20.6 

27.8 

23.3 

Plasticity    Index 

17.9 

60.7 

6.6 

Flow  Index 

10.7 

240 

8.5 
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referred,  to  as  "dense-graded"  and  "open-graded/1  were  selected  as  typi- 
<sal  of  present -day  construction  in  the  Midwest  after  a  study  had  been 
made  of  the  construction  and  performance  date  of  several  highways  and 
airfields o 

The  dense-graded  base  course  did  not  completely  satisfy  the  Corps 
of  Engineers8  frosfe  requirements  (19)  since  it  contained  4-0  percent 
by  wight  finer  than  0  02  mm,  instead  of  the  specified  maximum  of  three 
percent.-.  Its  gradation  was  similar  to  base  course  materials  used 
extensively  throughout-  the  Mic'  Vtest*  These  base  courses  have  shown 
performance  ranging  from  excellent  to  good.  In  some  cases  pavements 
in  Illinois*,  Indiana  and  Ohio  have  shown  considerable  "blowing'"  dia~ 
tress  when  built  over  this  type  of  base  course c 

Hh®   op®jft**gra&©$  'base  course  which  was  studied  in  these  tests  was 
graded  to  satisfy  the  Corps  of  Engineers0  frost  requirements  with 
respect  to  the  percent  by  weight  finer  than  0,02  mm,  However s   it  fails 
to  satisfy  the  filter  requirements  proposed  by  Tersaghi  (14)  and  sub- 
stantiated by  Bertram  (4)  and  the  Corps  of  Engineers3  tests  at  Vicks= 
burg  (25)  j,  since  the  ratio  of  its  15  percent  size  to  the  85  percent 
siao  cf  either  the  Crosby  or  the  Frederick  subgrade  exceeds  five ,  It 
does,,  however s  satisfy  the  filter  criteria  proposed  by  Keene  (8)  fox 
filters  over  cohesive  subgrades0  It  represented  base  courses  which 
have  not  shown  distress  from  pumping  arid  blowing  in  Indiana  . 


referred  to  as  "dense-graded"  and  "open-graded,"  were  selected  a3  typi- 
eal  of  present -day  construction  in  the  Midwest  ufter  a  study  had  been 
made  of  the  construction  and  psrfoimance  date  of  several  highways  and 
airfields c 

The  dense -graded  base  course  did  not  completely  satisfy  the  Corps 
of  Engineers6  frost,  requirements  (19)  since  it  contained  40  percent 
by  weight  finer  then  0  02  mm,,  instead  of  the  specified  maximum  of  three 
percent   Its  gradation  was  similar  to  base  course  materials  used 
extensively  throughout  the  Uic'-VJest.,  These  base  courses  have  shown 
performance  ranging  from  excellent  to  good:  In  some  cases  pavements 
in  Illinois ^  Indiana  and  Ohio  have  shown  considerable  "blowing"  dis= 
tress  when  built  over  this  type  of  base  cowes. 

.:  course  which  wa3  studied  in  these  tests  was 
graded  to  satisfy  the  Corps  of  Engineers"  frost  requirements  with 
respect  to  the  percent  by  weight  finer  than  0,02  mm.  However j  it  fails 
to  satisfy  the  filter  requirements  proposed  by  Teraaghi  (14)  and  sub- 
stantiated by  Bertram  (4)  and  the  Corps  of  Engineers* tests  at  Vicks= 
burg  (25) s  since  the  ratio  of  its  15  percent  size  to  the  85  percent 
size  cf  either  the  Crosby  or  the  Frederick  subgrade  exceeds  five ,  It 
does,  however j  satisfy  the  filter  criteria  proposed  by  Keene  (8)  for 
filters  over  cohesive  aubgrades0  It  represented  base  courses  which 
have  not  shown  distress  from  pumping  and  blowing  in  Indiana 


PROCEDURES 

Compacting  gubgrades 

A  quantity  of  air-dried  powdered  soil3  approximately  0,03  lb<>  in 
excess  of  that  required  to  form  a  specimen  7*17  Inches  in  diameter  and 
40  Inch«s  in  hsight  whan  ctoapacted  to  the  particular  unit  weight  being 
studied  J  was  weighed  in'io  a  tared  parte  It  was  then  mixed  by  hand  to 
the  required  moisture  con tent f  periodically  spraying  in  distilled  water s 
taking  extreme  care  to  obtain  a  uniform  mixture  of  the  soil  and  ?;ater0 

The  moist  soil  was  placed  in  a  lucite  cylinder  and  compacted  to 
luireti  density,  'She  dry  unit  weight  corresponding  to  each  lovel 
of  at.bgrade  compaction  was  considered  to  be  the  peak  point  of  a  static 
compaction  curve  fc.     .bgrade  thudiedo  For  one  series  of  tests 
the  rubgrade  samples  we;*e  compacted  to  95  percent  of  Standard  AASHO 
while  for  another  93  percent  of  modified  AASHO  was  adopted „  The  soils 
were  compacted  statically  from  both  ends  using  the  corapactive  pressures 
indicated  in  Table  3«  These  compaction  pressures  were  determined  fresa 
the  results  of  preliminary  tests  shown  in  Figures  4  and  5<> 


TABLE  1  RATION  OF  SUBGRADE  SAMPLES 

(ST  OMPACTIQN  REQUIREMENI 


DJ  SIGN  EQUIVALENT  STATIH 

SOIL                 UNIT  WEIGHT  STATIC  PRESSURE  OPTIMUM 

TTPE  PSI  MCISTUHE,jg 

Cre                        \%  Stdc   AASHO  ?0  22<>3 


95#  Bfodo  AASHO  §00  l6ol 

Frederidc        9§£  Sfe*»  AASHO  fO  53«5 


95SJ  sfodo  AASHO  ;,,;;>  24, 

-  lOloi. 


FIG.  4  COMPACTION    CURVES    FOR 

CROSBY     SUBGRADE 
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FIG.  5         COMPACTION      CURVES     FOR 
FREDERICK     SUBGRADE 
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After  eor  rabgrade  samples  .-rare  permitted  to  absorb 

moisture  from  the  hotter  iu  •  a  period  of  about  ©0  hourso  Swell  measure- 
ments were  me.de  cm  lis  periodo  After  absorption  the  cylinder  with 
thcj  soil  was  fitted  to  an  aluminum  base  plate,,  aft  or  which  the  base  eourse 
i  placed  direrctly  on  top  of  the  subgrac.e0 

Base  Course  Compaction 

iation  of  3  nia  (6)„  and 

ble  t©  bass  th<  ?;jments 

of  1  se  relative  density  sriterlen,  rather  than  t» 

specify  an  arl  ^f  the  maximum  unit.  in 

5  [ 

,  compaction  was  specified,  in  tenaa  of  a  "density 
i'(:  D  reposed  by  lane  (10)  a      ias  saleu- 

Xated  from  the  esipg^ssion 

II,  -  ^  -  de 


dI0O  "  de 


Where  i  -        .ty9  pefs.  of  empaeted  sposisrana 

,fcy,  p©fs,  loosest  stats  from  laboratory 

'  .adnLamni  density  o  (This  is  determined 

by  ]     ig  dry  sell  in  a  cylinder  using  a  spoon 

it  appreciable  f&XXo  &  It-Inch  di&aratsa0 

Pre.'!     './Under  is  used  for  sands,?  fes°  gravely 

either  a  6  or  7  ineh  diaraster  cylinder  i©  ussdoj 

d100  *"  '^  clsns^y»  Pe*$  maxiiaaa  feasible  density 
sbtained  in  the  laboratory* 

Maximum  densities  for  the  above  expression  were  determined  by 

Tit  mating  submerged  speeimesiifl  far  10  minutes  with  a  surcharge  of  about 

15  poundco  Valises  determined  in  this  manner  were  semper sd  with  the 
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p«ak  values  in  Figure  6.  The  greater  of  these  was  then  abitrarily  con- 
sidered a  a  d-iQQ  in  the  calculations  o 

The  minimum  density,  d0,  was  determined  by  pouring  the  oven-dry 
base  course  from  a  scoop  into  a  6  inch  diameter  mold  4°  5  inches  in  depth  9 
with  a  fall  not  exceeding  two  inches o 

Relative  densities  of  0o95  and  0oy§  had  been  selected  foir  investi= 
gation  in  this  study,  and  the  unit  weight  ^  corresponding  to  each  ®f 
these  was  readily  calculated  for  each  base  course  by  substituting  the 
experimental  values  of  d-j^Q  and  d#  inte  the  expression  for  Dyo  These 
values  are  shown  in  Figure  60 

At  the  completion  of  the  subgrade  soaking  period,  the  base  was 
placed  on  the  subgrade  at  a  moisture  content  slightly  greater  than  op= 
timum  in  two  layers  ©f  approximately  equal  thickness 9  each  of  which  was 
compacted  with  25  blews  from  a  5° 5  Ibr.  steel  tamping  red  with  a  2 -inch 
diameter  face  falling  six  ineheso  The  loading  head  used  in  the  pumping 
test,  consisting  of  an  aluminum  disc  one  inch  in  thickness  and  60 97  inches 
in  diameter,  attached  to  a  1  1/4  inch  diameter  aluminum  shaft,  was  then 
placed  on  top  of  the  base  course o  Any  further  compaction  required  to 
form  a  specimen  4<>0  inches  in  height  was  accomplished  by  lightly  tapping 
the  end  of  the  shaft,  as  well  as  the  sides  of  the  cylinder,  with  a  leather 
walleto 

Repeated  Loading  Testa 
The  ludte  eylinder  containing  the  compacted  subgrade  and  base 
sourse  was  next  placed  in  the  repetitive  loading  machine'.  Water  was 
added  to  the  base  course  through  an  opening  in  the  corer  plate  until  the 
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FIG.   6         COMPACTION   CURVES    FOR 

BASE  COURSE 
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free  water  level  was  at  or  slightly  above  the  bottom  of  the  loading 
heado  The  valves  leading  to  the  standpips  and  reservoir  were  then 
opened  and  water  allowed  to  flow  through  the  porous  stone  and  dis~ 
charge  to  the  atmospherec  This  was  continued  until  air  bubbles  were 
no  longer  visible  in  the  discharger. 

The  discharge  valve  on  the  water  line  was  next  closed 9   allowing 
the  static  reservoir  pressure  of  appreximately  2  3/4  psi  to  act  on  the 
bottom  of  the  subgrade  for  a  period  of  12  hours o  At  the  end  of  this 
time  it  was  opened  briefly  to  remove  any  further  accumulation  of  air9 
then  slesed  until  the  static  pressure  was  re-establishedo  The  valve 
leading  to  the  star/Jpipe  was  closed  to  prevent  water  from  entering  or 
leaving  the  system^  and  the  sample  was  ready  for  testingo 

During  each  test  deflections  were  measured  and  visual  observations 
of  the  performance  of  subgrade  and  base  were  recorded,,  At  the  end  of 
4Q9000  load  applications  the  material  pumped  above  th©  piston  was  sep= 
arately  removed,  then  dried  and  weighedo  Whan  the  quantity  of  pumped 
material  was  sufficient 9   grain=sise  analyses  and  Atterberg  limit  tests 
wer©  subsequently  psrf ormedo  The  base  course  and  subgrad©  were  then 
extruded  and  the  base  separated  from  the  subgrade<>  The  base  course  was 
dried  and  weigh®ds  tiien  washed  over  a  No0  200  sieve  to  determine  the 
increase  (if  any)  in  this  size  frackiono  Sieve  analyses  were  also 
performed  on  the  washed  base  course o  The  eubgrade  was  measured  and  a 
record  cade  o#  its  scnditiono  In  soma  eases  moisture  profiles  of  the 
subgrade  were  taken ,  while  in  other  cases  the  entire  subgrade  was  dried 
and  weighed  to  permit  a  comparison  of  the  total  weight  after  test  with 
the  initial  weigbto 
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RESULTS 

Coding  System 
In  presenting  the  results  of  these  tests,  a  coding  system  was 
introduced  to  describe  the  samples o  This  system,  which  will  be  adhered 
to  throughout  the  remainder  of  this  report,   is  shown  in  the  following 
table*  Factors  are  indicated  by  a  capital  letter  and  their  correspond- 
ing levels  are  indicated  by  a  subscribed  arabis  numeralo 


TABLE 


CODING  SYSTEM  USED  TO 
DESCRIBE  INDIVIDUAL  TESTS 


Base  Sours©  Type 


Subgrade 
Compaction 

Base  Course 
Compaction 

Applied  Pressure 


B 


E 


SYMBOL 

LEVEL 

FACTOR 

1 

2 

Subgrade  Typ© 

A 

Crosby 

Frederick 

Open- 
Graded 


D_  -  0o?5 


10  psi 


Denser 
Graded 


95%  Std  AASHO     95$  Mod  AASHO 


D^  -  0c9f 

r 


40  psi 


Number  ©f 

Lead  Applications 


N 


2,000  (DA) 
10,000  (SA) 


5,000  (DA) 
40,000  (SA) 
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Value  3  of,  Measured  m  Variables 
The  variables  measured  for  each  teat  vrere  as  follows $ 

a)  Total  weight  of  material  pumped  to  top  of  basse 

b)  Cumulative  deflection  of  the  loading  piston« 

e)  Increase  in  weight  of  the  P»  Noo  200  sieve  fraction  within 
the  baseo 

Where  sufficient  soil  was  available 9   grain=slse  analyses  and  Atter- 
berg  Limit  determinations  were  performed  on  the  entire  sample  of  pumped 
materialo  A  sieve  analysis  was  also  made  of  the  base  course  at  the  end 
of  each  test9  for  comparison  with  the  original  gradationo  The  net  in- 
crease in  the  weight  of  Po  Noo  200  material  above  the  top  of  the  sub- 
grade  was  calculated  by  adding  the  Po  No<>  200  fraction  of  the  total 
weight  of  material  pumped  to  the  top  of  the  base  (computed  from  a  hydro- 
meter analysis)  to  the  increase  in  weight  of  the  Po  No»  200  fraction 
within  the  base  course o 

The  cumulative  deflections  for  samples  in  each  test  series  were 
plotted  as  ordinates  against  the  logarithm  of  the  number  of  applied 
leads j,  as  abscissae,  as  shown  in  Figures  7  to  10  inclusiveo  Since  the 
degree  of  base  course  compaction  apparently  had  little  effect,  mean 
values  for  the  deflections  eerre spending  to  the  two  levels  of  this 
factor  were  used  in  preparing  the  composite  deflection  curves <•     Two 
values  of  factor  K  (number  of  applied  leads)  were  then  selected  so  that 
they f  with  their  corresponding  deflections,  would  plot  on  the  steeper 
portion  of  the  cumulative  deflection  curves-?  For  the  single=acting 
tests  10a000  and  40p000  lead  applications  were  chosen  as  representativeo 
The  deflections  in  the  double=acting  series  "A"  tests,  however,  in- 
creased so  rapidly  with  the  number  of  load  applications  that  the  loading 
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equipment,  for  some  samples ,  was  operating  at  its  full  two-inch  stroke 
soon  after  59000  loads  had  been  applied.  This  value  was  accordingly 
selected  as  the  higher  level  of  factor  N  for  analysis  of  the  double- 
acting  tests s  and  K  »  2„000  was  taken  as  the  corresponding  lewer  level, 
Values  of  the  following  variables,  both  measured  and  computed,  are 
tabulated  in  Tables  5»  6,  and  ?  for  ea©h  of  the  test  series  performed s 

a)  Cumulative  deflection  of  the  loading  piston  after  10,000 
load  applications  for  series  "B"  and  nDMs  and  after  2,000 
lead  applications  for  series  "A"  and  "C"» 

b)  Cumulative  deflestion  of  the  leading  piston  after  40,000 
lead  applications  for  series  "B"  and  WD%  and  after  5»000 
l^ad  applieations  for  series  KAM  and  "Cow 

e)  Total  weight  of  material  pumped  to  the  top  of  the  base© 

d)  Increase  in  the  weight  of  the  P°  Noo  200  sieve  fraction 
within  the  baseo 

e)  Increase  in  the  weight  of  the  Po  Koo  200  sieve  fraction 
above  the  top  ef  the  subgrade c 

To  facilitate  their  analysis,,  the  individual  tests  were  grouped 
as  fellews  into  several  test  series,,  Each  series  9  except  for  series 
wFn9   consists  of  16  individual  testso 

1)  Series  "A"  testes  double-acting  tests  at  40  psi  applied 
pressure  on  combinations  of  subgrade  and  base  course^ 

2)  Series  "B"  testes  single-acting  tests  at  40  psi  applied 
pressure  on  combinations  of  subgrade  and  base  courseo 

3)  Series  BG"  tests s  double-acting  tests  at  10  psi  applied 
pressure  on  combinations  of  subgrade  and  base  courseo 

4)  Series  WDM  tests s  single=acting  tests  at  10  psi  applied 
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TABLE   6 


INCREASE    IN     P200   FRACTION    OF   BASE 
RESULTING  FROM  DOUBLE-ACTING 
LOADING*(SERIES"F"  TESTS) 


OPEN-GRADED   BASE  COURSE 

DENSE-GRADED    BASE  COURSE 

10  RS.I 

40  PS.I. 

10   P.S.I. 

40  RS.I. 

0.7% 

1.5-   37.5  % 

1.0  % 

1.8-  32.1  % 

*   Increase  in   the   p200    fraction    of   the   base  due    to    single-acting  loading 
was   negligible    for   samples  with  smoll   deflections  at  the  end  of   the  test, as 
shown    by   the  results    of  series     "B"    8   "D" 
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pressure  on  combinations  of  subgrade  and  base  course a 

5)  Series  "En  testes  double-acting  and  single-acting  tests ,  at 
both  40  psi  and  10  psi  applied  pressure,  on  the  subgrade  enlyo 

6)  Series  "F"  tests:  double-acting  and  single=acting  tests,  at 
both  40  psi  and  10  psi  applied  pressure,  on  the  base  course  only© 
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DISCUSSION  OF  RESULTS 

In   studying  the  results  presented  in  the  preceding  section,  several 
trends  may  be  perseivedo  Some  of  these  are  well-defined  and  may  be 
rightly  considered  as  indicating  the  true  effect  of  one  or  more  factors 
on  the  variables  studied,  while  others  undoubtedly  reflect  the  inherent 
variations  due  to  ©hanee  differences  in  sample  preparation,  method  of 
testing,  and  measurement  of  the  test  variables  Trends  in  the  latter 
category  should  not  be  interpreted  as  representative  of  the  true  per= 
formance  of  the  combinations  studiedo  It  is  important,  therefore,  te 
establish  the  probable  validity  of  any  trends  which  appear  in  the  data-. 

Relative  Accuracy,  in  Measurement  of  Test  .Variables. 

Before  considering  the  significance  of  the  results,  an  attempt  will 
be  made  t©  appraise  the  relative  accuracy  of  the  measured  variables^ 
Of  these  j  it  is  believed  that  the  weight  of  material  pumped  to  the  top 
of  the  base  could  be  measured  most  accurately^  This  pumped  material 
collected  chiefly  on  the  top  of  the  loading  piston  and  hence  could  be 
easily  separated  from  the  base  course© 

The  values  of  aumulative  deflections  are  considered  to  be  of  com- 
parable precision,  since  these  were  direct  measurements  with  a  dial 
indicator  calibrated  in  0«001  in*  divisionso  However,  the  deflections 
appeared  to  be  affected  by  such  features  as  initial  seating  of  the 
loading  piston,  uniformity  of  compaction  of  the  base  course  and  arrange- 
ment of  the  top  layer  of  base  partieleso  To  reduce  the  effects  of 


initial  inequalities,  the  zero  reading  for  the  cumulative  deflections 
was  taken  after  100  load  repetitions,,  A  few  check  tests  performed  in 
connection  with  series  "A"  (double=aeting,  40  psi)  and  series  "C"  tests 
(single-acting,  10  psi)  indicated  that  variations  as  large  as  20  percent 
of  the  total  deflection  would  occasionally  occur  when  the  total  deflec- 
tion at  the  end  of  the  test  was  smallo 

The  measurement  of  the  increase  in  weight  of  the  PQ  No0  200  fraction 
of  the  base  course  is  believed  to  be  the  least  accurate ?  Te  determine 
this  quantity,  it  was  first  necessary  to  separate  the  base  from  the 
subgE°adeo  For  some  samples ,  such  as  a  dense=graded  base  course  on  a 
modified  subgrade,  this  separation  could  be  accurately  made*  However, 
where  extensive  intermixing  of  the  subgff&de  and  base  had  occurred,  as 
with  an  open-graded  base  course  on  a  standard  subgrade,  the  separation 
became  to  some  extent  a  matter  of  judgmento 

Statistical  Analysis  of  Trends 
To  aid  in  establishing  the  validity  of  the  several  trends,  the 
measured  variables  were  analyzed  statistically,  using  standard  analysis 
©f  variance  techniques  (3)<>  Such  an  analysis  is  believed  valuable  as 
&  guide  in  determining  the  iscportance  of  the  several  facterso  To  detect 
any  effects  other  than  very  large  ones  by  means  of  variants  analyses, 
however,  it  is  necessary  either  to  reduce  the  inherent  test  variation 
or  to  increase  the  number  of  samples  tested  for  each  given  condition,, 
As  indicated  in  the  preceding  discussion,  the  reproducibility  of  speci- 
mens and  of  variable  measurement  was  not  exact,  despite  extreme  ©are 
in  the  performance  of  the  testso  Since  it  was  not  sonsidered  feasible 
to  perform  more  than  one  test  for  each  condition,  the  reliability 


of  the  analysis  **as  therefor©  increased  by  combining  the  variance  of 
the  less-significant  factors  to  obtain  a  pooled  estimate  of  the  residual 
term,  which  was  then  used  to  test  the  remitting  factors  for  significance 
with  a  smaller  value  of  <K_0  Based  on  the  recommendations  of  the  Purdue 
Statistical  Laboratory,  the  following  method  was  used;  All  variances 
were  tested  for  significance  against  the  Initial  residual  term*  using 
an  eC  -level  of  0o25o  All  factors  and  interactions  not  significant  at 
this  level  were  then  combined  to  form  a  pooled  estimate  of  the  residual 
term,  and  the  remaining  terms  tested  against  this  for  significance  with 
&(  ■  0oQ5°  The  use  of  a  combined  estimate  of  residual  variance  for 
significance  testing  increased  the  precision  with  which  real  trends 
could  be  detected  and  increased  the  confidence  which  could  be  placed  in 
the  validity  of  the  findingso 

Having  determined  the  significant  factors  according  to  this  method 
it  was  then  considered  desirable  tc  cake  an  estimate  of  the  extent  to 
which  each  contributed  to  the  total  variance-.  This  was  done  by  con- 
sidering each  series  as  a  fixed  model  (3,  p°  331)  and  writing  the  ex- 
pected mean  squares  associated  with  each  significant  factor e  The 
contribution  of  each  to  the  total  variance  could  then  be  directly  com- 
puted and  expressed  as  a  percentage  of  the  total  varianceo  Each  sig~ 
nif leant  interaction  was  plotted  for  detailed  study  {Figures  U  to  !©)<> 
Since  only  two  levels  of  each  factor  were  included  in  this  study,  it 
was  necessary  to  assume  linear  variation  in  plotting  the  interactions 9 
although  it  was  recognized  that  some  different  type  of  variation  might 
very  well  existo  Additional  studies  using  other  levels  of  applied 
pressure  and  compaction,  as  well  as  different  gradations  of  base  course 
and  types  of  subgrade,  would  be  of  value  in  checking  the  validity  of 
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COMPONENTS    OF    VARIANCE 


SIGNIFICANT    INTERACTIONS   a-005 


VEASURED 

FACTOR     OR 

CONTRIBUTION      TO 

VARIABLE 

INTERACTION 

TOTAL   VARIANCE  ,  % 
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1000 
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«    interact  ions  included  in  bracket*  art  significant   for  a  ■  05,  but 
individually   contribute  less  than   5%   to  total   variance 
»» "Other"  refers   to  factors  significant  for    <>'. 25,  but  not  significant 
for    oj.j05 
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FIG-   13     COMPONENTS    OF  VARIANCE  AND 
SIGNIFICANT  INTERACTIONS 
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SIGNIFICANT    INTERACTIONS  a -0.05 
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FIG.  14     COMPONENTS    OF  VARIANCE   AND 
SIGNIFICANT   INTERACTIONS 
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COMPONENTS    OF     VARIANCE 


SIGNIFICANT    INTERACTIONS 
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individually  contribute   less  than   5%  to   total    variance 
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SIGNIFICANT    INTERACTIONS 


COMPONENTS    OF   VARIANCE 


MEASURED 
VARIABLE 

FACTOR    OR 
INTERACTION 

CONTRIBUTION     TO 
TOTAL    VARIANCE,  % 

Total   Deflection 

A 

26 

10,000  Rtpetifioni 

C 

E 
AE 

14  5 

539 

52 

CE 
Residual 

202 

3.6  

100  0 

Total   Deflection 
40,000  Repetition 

A 
C 

D 

26 

13  5 
05 

E 

41  3 

CE 

19.1 

t  BC.CD.AE.ACE  * 

194 

BCE.  BDE.CDE.ABCE  ] 

Other** 

2  S 

Residual 

08  

1000 

Weight  of  Mafenol 

B 

170 

Pumped  to  Top  of  Bose 

C 
E 
AB 

29 

20  8 

54 

BE 

28  7 

CE 

55 

ABE 
Residual 

10  2 

95  

100.0 

increase  in  p  200 

C 

85 

Material  in   Base 

E 

BC 
BE 
CE 

8  3 

9  1 
35  8 
23.4 

BCE 
Residual 

9  6 
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100  0 

*  interactions  included  m  brackets  are  significant  for  CTi.05.but  mdividuolly 
contribute  less  thon   5%  to  total   variance 

*  *  "Other"  refers  to  factors  significant  for  a=  .25,buf  not  significant  for  a«  .05 
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FIG.   16      COMPONENTS     OF    VARIANCE    AND 
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this  assumption  of  linearity- 

Ana3,ysis  of  the  Data 

Series  "A"  Tests  (40  psi,  D0A0) 

(A)  Subgrade  Typ^o  In  general,  slightly  more  material  was  pumped 
to  the  top  of  base  courses  on  Crosby  subgrades  than  those  on  Frederick 
subgradeso  Similarly,  base  courses  on  Crosby  subgrades  deflected 
slightly  more  than  those  on  Frederick  subgrades  after  5,000  load  appli- 
cations, although  no  significant  difference  in  performance  was  noted  at 
2,000  load  applications©  Base  courses  on  Crosby  soils  showed  a  con= 
siderable  increase  over  those  on  Frederick  soils  in  the  amount  of 

Po  Noo  200  material  moved  above  the  top  of  the  subgrade o  The  soil  type 
had  no  significant  effect  on  the  increase  in  Po  No0  200  material  within 
the  bsje  course  itself » 

(B)  Base  Course  Type»  Considerably  more  material  was  pumped  to 
t.'ie  top  of  the  open-textured  bases  than  to  the  top  of  the  dense- 
textured  bases o  Specimens  using  the  open  gradation  deflected  appre- 
ciably less  than  those  using  the  dense  gradation  after  2,000  load  appli- 
cations, although  no  significant  difference  was  apparent  after  5,000 
load  applieationso  As  compared  with  samples  using  dense-graded  bases, 
those  with  open=graded  bases  showed  a  greater  increase  in  the  Po  No<>  200 
fraction  of  the  base  and  in  the  Po  N©o  200  fraction  above  the  top  of 
the  subgradeo 

(C)  Subgrade  Compactiono  Increasing  the  compaction  of  the  sub- 
grade  decreased  the  weight  of  material  pumped  to  the  top  of  the  base 
course,  decreased  the  deflection  after  both  2,000  and  5,000  load  appli- 
cations, and  reduced  the  increase  in  Po  Noo  200  material  above  the  tep  ef 
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the  aubgradeo  It  had  no  significant  affect  on  the  Po  Noo  200  increase 
within  the  base  course  itself 0 

(D)  Base  Course  Compactione  Increasing  the  compaction  of  the 
base  course  had  no  direct  significant  effect  on  the  variables  measured 
in  this  study..  Its  effect,  however,  is  shown  in  several  of  the  inter- 
aetion  terms  plotted  in  Figure  lle 

(N)  Number  of  Load  Applications.  Increasing  the  number  of  lead 
applications  from  2a000  to  5*000  increased  the  total  defleetien  for  all 
combinations  of  base  course  and  subgrade  testedo 

(AB)  Interaction  Between  Subgrade  Type  and  Base  Course  Type. 
Dense~graded  bases  were  equally  effective  on  Crosby  and  Frederick  sub- 
grades  in  reducing  the  weight  of  material  pumped  to  the  top  of  the  base 
course,,  0pen=textured  bases  ,  however,  were  less  effective  on  Crosby 
subgrades  than  on  Frederick  subgrades  in  reducing  the  value  of  thia 
same  variabl@o  For  dense-textured  bases,  the  subgrade  type  had  little 
effect  on  the  weight  of  pumped  material- 
Specimens  using  denser-graded  bases  had  deflected  about  the  same 
amount  after  59000  load  applications  regardless  of  soil  type<>  However,, 
open-textured  bases  on  Crosby  subgrades  had  deflected  appreciably  more 
than  similar  bases  on  Frederick  subgrades  in  the  same  period?  The 
least  deflation  occurred  with  an  open-graded  base  on  a  Frederick  sub= 

■ 

grade s  while  the  greatest  deflection  occurred  with  an  open-graded  base 
on  a  Crosby  subgrade  (see  Figure  11) e 

(BC)  Interaction  Between  Base  Course  Type  and  Subgrade  Compaction 
Increasing  the  compaction  of  the  subgrade  was  more  effective  for  samples 
using  open=textured  bases  than  for  those  using  less>=permeable  bases,  in 


reducing  the  deflection  after  5,000  load  applications*. 

(CD)  Interaction  Between . Subgrade  Compaction  and  Base  Course  Cog- 
paction..   Increasing  the  compaction  of  base  courses  on  standard  sub- 
grades  reduced  deflection  after  5*000  load  applications,  while  increas- 
ing the  compaction  of  base  courses  on  modified  subgrades  increased  the 
amount  of  defleetiotto 

(ABD)  Interaction  Between  Subggade  Type.  Base  Course  Type,  and 
Base,  C,  ourse  Compaction.,  The  most  beneficial  effect  of  an  increase  in 
base  compaction  on  reducing  deflection  occurred  with  an  open=graded 
base  course  on  a  Frederick  subgrade© 

Interaction  Between  Base  Course  Type.  Subgrade  Compaction a 


and  Base  Course  Compaction..  Increasing  the  compaction  of  the  less= 
permeable  bases  on  modified  subgrades  increased  deflection  after  2,000 
and  5 s 000  load  applications..  For  all  other  combinations  of  base  course 
and  subgrade  compaction,  increasing  the  compaction  of  the  base  course 
decreased  deflection^, 

(BON)  Jnfreraction  Between  Base  Course  Typen  Subgrade  Compaction,, 
and  Number  of  Load  Applications.)  In  studying  the  increase  in  deflec- 
tion produced  by  increasing  the  number  of  load  applications  from  2,000 
to  5,000,  it  appeared  that  open-textured  bases  on  standard  subgrades 
showed  &  greater  than  average  increase  in  deflection.. 

Series  "B"  Tests  (40  psi,  SoAo) 
(A)  Subgrade  Type..  Samples  with  Crosby  subgrades  had  deflected 
more  after  109000  and  40,000  load  applications  than  those  with  Frederick 
soilo  The  type  of  soil  had  no  significant  effect  on  the  weight  of 
material  pumped  to  the  surface,  on  the  increase  in  the  Po  No<>  200  fraction 


within  the  base,  or  on  the  increase  in  the  Po  No*  200  fraction  above  the 
top  of  the  subgradeo 

(B)  Base  Course  Typg0  Combinations  of  subgrades  and  dense -graded 
base  courses  pumped  considerably  more  material  to  the  top  of  the  base„ 
while  those  with  open-texfcured  base  courses  showed  a  slightly  greater 
increase  in  the  Po  Noo  200  fraction  within  the  baseo 

(C)  Subgrade  Compaction,.  Increasing  the  compaction  of  the  sub- 
grade  decreased  the  weight  of  material  pumped  to  the  top  of  the  base, 
materially  decreased  the  deflection  at  10,000  and  40,000  load  applica- 
tions, and  reduced  the  P«  Noo  200  increase  v/ithin  the  base  and  above  the 
top  of  the  subgradeo 

(D)  Base  Course  Compactiono  Increasing  the  compaction  of  the  base 
course  had  no  direct  significant  effect  on  any  of  the  variables  studied^ 

(N)  Number  of  Load  Applicationso  Increasing  the  number  of  load 
applications  from  10,000  to  40,000  produced  a  small  increase  in  the 
total  deflectiono 

(AB)  Interaction  Between  Subgrade  Type  and  Base  Course  Type0  In 
comparing  the  weight  of  material  pumped  for  different  combinations,  it 
appeared  that  open=textured  base  courses  were  equally  effective  over 
both  Crosby  and  Frederick  subgradeso  However,  dense-=graded  base 
courses  were  considerably  more  effective  over  Frederick  subgrades  than 
over  Crosby  subgrades  in  reducing  the  weight  of  material  pumped  to  the 
top  of  the  base  courseo  The  best  combination  was  an  open-graded  base 
on  a  Crosby  subgrade,  while  the  worst  pumping  occurred  with  the  less- 
permeable  base  on  a  Crosby  subgrade  (see  Figure  12) o 

(BC)  Interaction  Between  Base  Course  Type  and  Subgrade  Compactiono 
Increasing  the  subgrade  compaction  caused  a  greater  decrease  in  the 


deflections  after  40,000  load  applications  and.  in  the  Po  Noo  200  increase 
within  the  base  for  samples  using  the  more-permeable  base  course  than 
for  those  with  the  dense-graded  base  course^,  On  modified  subgrades, 
both  base  courses  had  approximately  the  same  increase  in  their  Po  Noo 
200  fraction,  while  on  standard  subgrades  the  open-graded  bases  had  a 
considerably  larger  Po  No0  200  inereaseo 

(CD)  Interaction  Between  Subgrade  Compaction  and  Base  Course  pom- 
paction o  Increasing  the  base  course  compaction  reduced  the  deflection 
of  base  courses  on  standard  subgrades  but  had  little  effect  on  the 
deflection  of  bases  on  modified  subgrades* 

(CN)  Interaction  Between  Subgrade  Compaction  and  Number  of  Load 
Applications.?  The  deflection  of  specimens  with  standard  subgrades 
increased  more  rapidly  with  increasing  number  of  load  applications  than 
the  deflection  of  those  with  modified  subgradeso 

Series  "Cn  Tests  (10  psi,  DoA„) 

(A)  Subgrade  TyPOo   Specimens  with  Crosby  subgrades  had  deflected 
more^  after  20,000  load  applications,  than  those  with  Frederick  sub- 
gradeso Similarly,  the  samples  with  Crosby  subgrades  pumped  more  mate- 
rial to  the  top  of  the  base  course  and  had  a  greater  Po  No*  200  increase 
within  the  base  and  above  the  top  of  the  subgradeo 

(B)  Base  Course  Typea  Samples  with  dense-graded  base  courses 
deflected  more  than  those  with  open-graded  base  courses,  pumped  more 
material  to  the  surface,  and  had  a  greater  increase  in  the  Po  Noo  200 
fraction  above  the  top  of  the  subgrade*  Combinations  with  open- 
textured  base  courses  had  a  greater  increase  in  the  Po  No-  200  fraction 
within  the  base  itself o 


.(C)  Subgrade  Compaction,  Increasing  the  compaction  of  the  sub- 
grade  decreased  the  deflection  at  20,000  load  applications , reduced  the 
P.  Noo  200  increase  within  the  base  and  above  the  top  of  the  subgrade,  and 
reduced  the  weight  of  material  pumped  to  the  top  of  the  base  courseo 

(D)  Base  Course  Compactiono  Increasing  the  compaction  of  the  base 
course  slightly  reduced  the  deflection  occurring  between  5,000  and 
20,000  load  applicationso 

(N)  Number  of  Load  Applicationso  Increasing  the  number  of  load 
applications  from  59000  to  20,000  produced  a  large  increase  in  total 
deflections 

(AB)  Interaction  Between  Subgrade  and  Base  Course  Types  The  open=» 
textured  bases  were  more  effective  over  Frederick  subgrades  than  over 
Crosby  subgrades  in  reducing  the  weight  of  material  pumped  and  the 
Po  Noo  200  increase  within  the  base  and  above  the  top  of  the  subgrade  ■» 
The  best  combination  was  an  open~graded  base  on  a  Frederick  subgradeo 
The  subgrade  type  had  little  effect  on  the  Po  Noo  200  Increase  of  dense~ 
graded  bases  but  had  a  large  effect  on  the  Po  No»  200  increase  of  the  more- 
permeable  base<> 

(AG)  Interaction  Between  Subgrade  Type  and  Subgrade  Compactiono 
Increasing  the  subgrade  compaction  had  little  effect  for  Frederick  sub- 
grades  but,  for  Crosby  subgrades 9   reduced  the  deflection  after  20,000 
load  applications 9   the  weight  of  material  pumped,  and  the  Po  No»  200  in- 
crease within  the  base  and  above  the  top  of  the  subgradeo 

Ojg)  Interaction  Between  Base  Course  Type  and  Subgrade  Compactiono 
Increasing  the  subgrade  compaction  had  little  effect  for  specimens  with 
dense-textured  base  courses  but  appreciably  reduced  the  deflection  af?,er 
20,000  load  applications,  the  weight  of  material  pumped,  and  the  P«  Noo  200 
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increase  within  the  base  and  above  the  top  of  the  subgrade  for  combina- 
tions with  open<=textured  base  courseso 

(BN)  Interaction  Between  Base  Course  Type  and  Number  of  Load  Appli- 
cations o  The  deflection  of  samples  with  dense-graded  bases  increased 
more  rapidly  than  that  of  samples  with  open-textured  base  courses,  as 
the  number  of  load  applications  was  increased  from  5,000  to  20,000c. 

(ABC)  Interaction  Between  Subgrade  Type.  Base  Course  Type,  and 
Subgrade  Compaction*  Increasing  the  subgrade  compaction  was  most  effec- 
tive for  the  open«=graded  base  on  Crosby  subgradeso  This  substantially 
reduced  the  deflection,  the  weight  of  material  pumped,  and  the  P.  No<>  200 
increase  within  the  base  and  above  the  top  of  the  subgrade<> 

(ABN)  Interaction  Between  Subgrade  Type,,  Base  Course  Type,  and 
Number  of  Load  Applicationso  Increasing  the  number  of  load  applications 
from  5,000  to  20,000  increased  the  deflection  for  all  specimens  except 
those  with  open=graded  bases  on  Frederick  subgradeso 

(ACN)  Interaction  Between  Subgrade  Type,,  Subgrade  Compaction,,  and 
Number  of  Load  Applications*.  Specimens  with  the  more-permeable  bases 
on  standard  subgrades  showed  the  greatest  increase  in  deflection  due  to 
an  increase  from  59000  to  20,000  in  the  number  of  load  applicationso 

(BCN)  Interaction  Between  Base  Course  Type.  Subgrade  Compaction. 
and  Number  of  T^ad  Appljcatfonso  Increasing  the  number  of  load  appli- 
cations from  5,000  to  20,000  increased  the  deflection  for  all  samples 
except  those  with  open-graded  bases  on  modified  subgradeso 

(ABCN^  Interaction  Between  Subgrade  Type.  Base  Course  Type.  Sub- 
grade  Compaction,  and  Number  of  Load  Applicationso  Increasing  the 
number  of  load  applications  from  5,000  to  20,000  increased  the  deflec- 
tion of  all  samples  except  those  with  the  more-permeable  base  on  Freder- 
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ick  subgrades  and  on  modified  Crosby  subgradeso 

Series  "D"  Tests  (10  psi  S,A.) 

(A)  Subgrade  Type*.  Base  courses  on  Crosby  subgrades  showed  a 
slightly  greater  deflection  than  those  on  Frederick  subgrades  after 
40,000  load  applications o 

(B)  Base  Course  Type„  Dense-graded  bases  had  more  material  pumped 
to  their  surface  than  did  the  open-graded  baseso  The  latter,  however, 
showed  a  slightly  larger  increase  in  their  Po  No0  200  fraction., 

(C)  Subgrade  Compactiono   Increasing  the  compaction  of  the  subgrade 
decreased  the  deflection  after  10,000  and  40,000  load  applications,, 

(D)  Base  Course  Compaction.   Increasing  the  compaction  of  the  base 
course  decreased  the  deflection  after  40,000  load  applications  and 
slightly  lessened  the  Po  Noo  200  increase  within  the  baseo 

(N)  Number  of  Load  Applicationso  Increasing  the  number  of  load 
applications  from  10,000  to  40,000  caused  a  slight  increase  in  total 
deflectiono 

(AC)  Interaction  Between  Subgrade  Type  and  Subgrade  Compactiono 
Increasing  the  subgrade  compaction  had  a  greater  effect  on  Frederick 
subgrades  than  on  Crosby  subgrades  in  reducing  deflectiono 

(AD)  Interaction  Between  Subgrade  T^pe  and  Base  Course  Compactiono 
Increasing  the  compaction  of  base  courses  on  Frederick  subgrades  had 
little  effect,  while  increasing  the  coimoaction  of  base  courses  on  Crosby 
subgrades  produced  a  large  decrease  in  deflectiono  The  greatest  deflec- 
tions occurred  with  D  e  Oo75  base  courses  on  Crosby  subgrades,  while  the 
least  deflections  occurred  with  Dr  -  0.95  base  courses  on  the  same  type 
of  subgrade o 


JBD)   Interaction  Between  Base  Course  Type  and  Base  Course  Compac 


jbion.  Increasing  the  contact: 
while  increasing  ompacti 
defloctiono  The  least  f^vora 


textured  base  cou 


either  aubgr. 

(ABC)  Interaction  So  '.;, 
Subgrade  Compaction-,  X 
an  increase  in  subgrade  coi 
an  open-textured  base  coiirs 


open=graded  bases  had  little  effect, 
lense-graded  base  courses  reduced  the 
ibination  occurred  when  an  open 
)o75  relative  density,  was  placed  on 


1. Subgrade  Type,.  Ease  Course  Typap  and 
ttest  decrease  in  deflection  produced  by 
:tion  was  obtained  with  combinations  using 
>n  Frederick  subgrades 0  Increasing  the 
compaction  of  Crosby  subgrades  overlain  by  the  more- permeable  base  had 
little  effect  on  deflection* 

(ABD)  Interaction  Between  Subgrade  Type.  Base  Course  Type,  and 
Base  Course      tion.  Increasing  the  compaction  of  the  base  course 
was  most  efft      n  decreasing  deflections  of  dense~graded  bases  on 
Crosby  subgradeso  ti  other  combinations  was  slights 

XjKil^L,         i  Between  Base  Course  Typef  Subgrade  Compaction Q 
and  Base  Gou^e  Ccmpactiono  Increasing  the  compaction  of  the  base  course 
deareased  deflection  for  all  samples  except  for  those  with  open-graded 
bases  on  standard  subgradsso 

Series  nE"  Tests  (Subgrade  Only) 
Under  dcuble=acting  loading,  standard  Frederick  subgrades  deflected 
more  rapidly  Man  the  corresponding  standard  Crosby  subgrades  <>  This 
was  also  the  «ase  £©r  modified  subgrades  subjected  to  40  psi  double- 
acting  loadings  Under  10  psi  double-acting  loading,  however,  a  modified 
Frederick  subgrade  had  no  appreciable  deflection  at  the  end  of  40,000 


load  applications,  while  a  modified  Crosby  subgrade  had  rapidly  failed 
under  similar  loading  conditions o 

Under  10  psi  single-acting  loading,  standard  Crosby  and  Frederick 
subgrades  deflected  at  approximately  the  same  rate,  while  neither  Crosby 
nor  Frederick  modified  subgrades  had  deflected  appreciably  at  the  end 
of  40,000  load  applications..  Under  40  psi  single-acting  loading,  both 
standard  and  modified  Crosby  subgrades  deflected  more  rapidly  than  the 
corresponding  Frederick  subgradeso 

The  weight  of  pumped  soil  was  not  measured  for  the  double-acting 
tests,  since  for  these  the  number  of  load  applications  was  varied  for 
each  testo  In  the  single-acting  tests,  more  material  was  generally 
pumped  from  Crosby  subgrades  than  from  Frederick  subgrades.  An  excep- 
tion to  this  was  a  standard  Frederick  subgrade  under  10  psi  loading, 
which  pumped  more  material  than  a  standard  Crosby  subgrade  under  the 
same  loadingo 

Series  "F"  Tests  (Base  Course  Only) 

The  results  of  a  limited  series  of  repetitive  loading  tests  on  the 
base  course  alone  are  presented  in  Table  6o  These  tests,  intended  to  de= 
lineate  the  extent  to  which  degradation  of  the  base  course  might  be  present, 
consisted  only  of  double-acting  tests  since  the  results  of  the  previous 
series  indicated  that  base  degradation  in  single-acting  tests,  if  present 
at  all,  was  of  necessity  slighto 

The  larger  values  of  Po  Noo  200  increase  listed  for  the  40  psi  DoA„ 
tests  were  obtained  by  applying  40,000  repetitions  of  load  to  uncom- 
pacted  base  course  samples..  The  lesser  values  shown  for  these  same 
tests  are  considered  applicable  to  bases  which  remain  compact  through- 


out  the  loading  period  and  experience  only  surface  abrasion.  These 
latter  percentages  are  only  Intended  to  represent  the  probable  order  of 
magnitude  of  the  Po  Ko0  200  increase  resulting  from  degradation,  since 
they  were  obtained  by  extrapolating  the  results  of  preceding  tester. 

Series  "A"  and  "C"  Combined  (10  and  40  psi  DoA.) 
■(AJ...Sub^Me_Tyjpeo   Samples  with  Crosby  subgrades  had  deflected 
slightly  more  after  ,5,000  load  applications  than  those  with  Frederick 
subgrades 9  pumped  tnore  material  to  the  top  of  the  base  course,  and  had 
a  greater  increase  in  Po  Noo  200  material  above  the  top  of  the  subgrade0 

(B)  Base  Course  Type*  Samples  with  dense^graded  base  courses 
deflected  more  than  those  with  open=graded  base  courses  and  pumped  more 
material  to  the  top  of  the  base  course©  The  inore^pe  rateable  base  course 
had  a  greater  increase  in  Po  Noo  200  material  within  the  base  and  above 
the  top  of  the  subgradeo 

(C)  Subgrade  Compaction,.  Increasing  the  subgrade  compaction  re™ 
dueed  the  deflection,  the  weight  of  material  pumped  to  the  top  of  the 
base  course,  and  the  increase  in  Po  No«  200  material  above  the  top  of  the 
subgradeo 

(D)  Base  Course  Compactiono   Increasing  the  compaction  of  the  base 
course  had  no  direct  effect  on  the  variables  studied- 

(E)  Applied  Pressure.  Increasing  the  applied  pressure  from  10  psi 
to  40  psi  caused  a  major  increase  in  the  total  deflection,  weight  of 
material  pumped  to  the  top  of  the  base  course,  and  Po  Noo  200  increase 
within  the  base  and  above  the  top  of  the  subgradeo 

(BC^  Interaction  Between  Base  Course  Type  and  Subgrade  Compactiono 
Increasing  the  compaction  of  the  subgrade  had  little  effect  on  the 


increase  in  Po  Noo200  material  above  the  top  of  the  subgrade  for  combina 
tions  with  dense=textured  bases,  but  materially  reduced  this  variable 
for  combinations  with  open»textured  baseso  The  base  course  type  had 
little  effect  on  the  Po  Noo  200  increase  above  modified  subgradeso 

(BE)  Interaction  Between  Base  Course  Type  and  Applied  Pressure., 
The  base  course  type  had  little  effect  on  the  weight  of  material  pumped 
when  the  applied  pressure  was  40  psi0  At  10  psi  applied  pressure,  how- 
ever, the  iess~permeable  base  pumped  appreciably  more  than  the  open- 
textured  base  eourseo 

(CE)  Interaction  Between  Subgrade  Compaction  and  Applied  Pressureo 
The  deflection  of  specimens  with  standard  subgrades  increased  more 
rapidly,  due  to  an  increase  from  10  psi  to  40  psi  in  applied  pressure 9 
than  combinations  with  modified  subgradeso 

(ABC)  Interaction  Between  Subgrade  Type.  Base  Course  TypeQ  and 
Subgrade  Compact ion o    The  greatest  reduction  in  weight  of  material 
pumped,  resulting  from  an  Increase  in  subgrade  compaction,  was  obtained 
fro  combinations  of  open-graded  base  courses  on  Crosby  subgradeso 

(ABE)  Interaction  Between  Subgrade  Type.  Base  Course  Type,  and 
Applied  Pre8sureo   The  increase  in  deflection  resulting  from  an  increase 
from  10  psi  to  40  psi  in  applied  pressure  was  greatest  for  combinations 
of  open-textured  bases  on  Crosby  subgradeso 

(BCE)  Interaction  Between  Base  Course  Type.  Subgrade  Compaction. 
and  Applied  Pressureo   The  increase  in  deflection  resulting  from  an 
increase  from  10  psi  to  40  psi  in  applied  pressure  was  greatest  for 
combinations  with  open=-graded  bases  on  standard  subgradeso 

(ARDE)  Infraction  Between  Subgrade  Type.  Base  Course  Type,,  Base 
Compaction  and  Applied  Pressureo  Samples  with  open-graded  Dp  -  0o75 


bases  deflected  moree  due  to  an  increase  from  10  psi  to  40  psi  In  applied 
pressure*,  than  those  *rtth  dense-graded  Dr  *  0o75  baseso  Crosby  subgrades 
with  open=textured  Dy  -  Q„95  bases  and  Frederick  subgrades  with  dense- 
textured  Dp  ■  0o95  bases  deflected  more  rapidly,  due  to  the  same  pressure 
increase 9   than  other  combinations  of  subgrade  with  D-  ■  Oo95  base  courses-. 

(ABCE)  Interaction  Between  Subgrade  Type..  Base  Course  Type.  Sub- 
^<fe„  Jopreactign^and  Applied  Pressure.   Combinations  of  standard  Crosby 
subgrades  with  open<=textured  bases  pumped  more  than  other  combinations 
when  the  applied  pressure  was  increased  from  10  psi  to  40  psi*  The  same 
increase  in  pressure  had  little  effect  on  specimens  with  modified  sub- 
grades  and  dense-graded  bases,,  but  produced  a  large  increase  in  the 
weight  of  material  pumped  for  combinations  of  modified  subgrades  with 
the  more=permeable  base  courses 

(BCDE)  Interaction  Between  Base  Course  Type,  Subgrade  Conpaction, 
Base  Course  Compaction,  and  Applied  Pressureo   Increasing  the  applied 
pressure  from  10  psi  to  40  psi  had  little  effect  on  samples  with  dense= 
textured  D_,  ■  0o75  bases  on  modified  subgradeso  The  same  pressure  in- 
crease caused  a  large  increase  in  the  deflection  of  samples  with  open- 
graded  bases  on  standard  subgradeo 

Series  MB"  and  "Dn  Tests  Combined  (10  and  40  psi  SoA.) 
(A)  Subgrade  Typeo  Specimens  with  Crosby  subgrades  had  deflected 

slightly  more  after  10,000  and  40,000  load  applications  than  those  with 

Frederick  subgrades© 

JB)  Base  Course  Type.   Samples  with  dense-graded  base  courser  had 

pumped  more  saterial.  to  the  top  of  the  base  than  those  with  open-graded 

base  courses o 

(C)  Subgrade  Compactlon0  Increasing  the  compaction  of  the  subgrade 


decreased  the  deflection  at  IOsOCk 
the  Po  Noo  200  in&rease  within  the  bai 
of  material  pumped  to  the  top  of  the  1 
■(D)_fe.M..Cottrse  Compaction.  Ii 
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pumped  to  the  top  of  the  base9  and  Po  Ifoo  200  increase  within  the  baser 

(AB)  Interaction  Between  Subgrade  Type  and  Base  Course  Type0 
Samples  with  open-textured  base  courses  pumped  approximately  the  same 
amount  of  material  regardless  of  subgrade  typeo  However c  the  dense 
graded  base  on  Crosby  sutgrades  pumped  considerably  more  material  to 
han  the  earns  base  on  Frederick  subgradeso  The  best  com- 
an  open=textured  base  on  a  Crosby  subgrade,  while  the 
ing  occurred  with  a  dense  =textured  base  on  a  Crosby  sub- 
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ction  Between  Subgrade  Type  and  Applied  Pressure*   A 
essure  the  3ubgrade  type  had  little  effect  on  total 
10SC00  load  applicationso  At  40  psi  applied,  pressure , 


Lment3  with 


•  subgrades  had  deflected  more  than  those 
!  same  number  of  load  applications^ 

Base  Course  Type  and  Subgrade  Compaction^, 
he  Bubgrade  was  more  effective  in  reducing 

the  base  for  samples  using  open  textured 
les 3 -permeable  base-.  The  largest  Po  No«  200 
red  with  open-graded  bases  on  standard 


aubgrades,  while  the  least  Po  Noo  200  increase  resulted,  for  the  same  type 
of  base  course  on  modified  subgradeso 

C^).  Ipteractlon  .Between  Base  Course  Type  and  Applied  Pressureo 
At  10  pal  applied  pressure,,  approximately  the  same  weight  of  material 
was  pumped  regardless  of  base  course  typeo  At  40  psi,  however,  dense- 
textured  base  courses  had  pumped  considerably  more  than  open-textured 
base  ©curses o 

Increasing  the  applied  pressure  from  10  psi  to  40  psi  produced 
only  a  slight  increase  in  the  P0  Noo  200  fraction  of  dense-graded  bases 
but  caused  a  major  increase  in  the  Po  Noo  200  fraction  of  open-graded  baseso 
At  10  psi  the  bast  samples  were  thoae  v&th  the  more~parmeable  basep  while 
at  40  psi  the  less-permeable  base  had  the  smaller  Po  No0  200  increase, 

(CE)  Interaction  Between  Subgrade  Compaction  and  Applied  Pressureo 
At  10  psi  applied  pressure  the  compaction  of  the  subgrade  had  little 
effect  on  the  total  deflectiono  At  40  pai  applied  pressure,  however, 
specimens  with  standard  subgrades  had  deflected  appreciably  more  than 
those  with  modified  subgrades o  Similarly,  increasing  the  applied 
pressure  from  10  psi  to  40  psi  had  little  effect  on  the  P„  Noo  200  increase 
of  base  courses  on  modified  subgrades  but  greatly  augmented  the  po  No0  200 
increase  of  base  courses  on  standard  subgradeso 

(ABE)  Interaction  Between  Subgrade  Type,  Base  Course  Type,  and 
Applied  PyesBureo   In  considering  the  weight  of  material  pumped  to  the 
top  of  the  base  course 9   increasing  the  applied  pressure  from  10  psi  to 
40  psi  had  little  effect  for  samples  with  open-graded  base  coursea* 
However,  the  same  pressure  increase  caused  considerably  more  pumping 
for  samples  with  the  less -permeable  base  courseo  The  greatest  increase 
in  pumping  dua  to  an  increase  in  applied  pressure  occurred  with  dense- 


graded-bases  on  Crosby  subgradeso 

(BCE)  Interaction  fet.wacn  ihctt  r^^e  Type.  Subgrade  Compaction. 
MOpjpliedJrjssujSo   Increasing  the  applied  pressure  from  10  psi  to 
40  psi  caused  the  largest  Po  No«  200  increase  within  the  base  for  combina- 
tions  of  open-graded  bases  on  standard  subgradeso 

iRfegTREBfrafcion  of  Results 

It  is  apparent  from  the  preceding  section  that  the  behavior  of 
base^ subgrade  combinations  in  the  repetitive  loading  tests  cannot  be 
explained  solely  by  a  consideration  of  the  direct  effects  of  the  factors 
selected  for  investigation  (subgrade  type,  base  course  type,  subgrade 
compactionp  base  course  compaction;,  magnitude  of  applied  pressure ,  and 
number  of  load  repetitions),  since  interactions  betv/een  these  consist- 
ently  account  for  a  large  percentage  of  the  assignable  varianceo 

The  3oils  used  in  this  study  were  referred  to  as  "Crosby"  and 
"Frederick"  in  accordance  with  their  pedologieal  classification,,  It 
should  be  recognized,  however,  that  the  initial  drying  and  preliminary 
processing  of  these  soils  undoubtedly  produced  important  changes  in 
their  character,  and  hence  they  can  no  longer  be  expected  to  behave  in 
precisely  the  same  manner  ao  natural2y=occurring  Crosby  and  Frederick 
soilso  As  used  in  this  study,  the  soils  could  perhaps  be  more  correctly 
described  as  laboratory-prepared  samples  of  a  clay  of  medium  plasticity 
(CL)  and  a  highly  plastic  clay  (CH)o  Use  of  two  levels  of  the  "sub- 
grade  type"  factor,  therefore,  permits  a  comparison  of  the  behavior  of 
two  ©lays  of  widely  differing  plasticity  rather  than  of  two  known  soilso 

It  is  of  interest  to  note  that,  in  several  respects,  the  CH  sub- 
grades  appeared  to  perform  better  than  the  CL  subgrades  when  combinations 


of  base  course  and  subgrade  were  tested  by  repetitive  loading.  This 
difference  in  performance 9  while  not  large,  is  consistent  throughout 
the  test  serieso  Thus,  in  the  single-acting  series  ("B"  and  "D"), 
combinations  with  Crosby  subgrade  deflected  more  than  those  with  Freder- 
ick subgradesj  while  in  the  double-acting  series,  combinations  with 
Crosby  subgrades  deflected  more,  pumped  more  soil  to  the  top  of  the 
base,  and  moved  more  Po  No0  J200  material  from  the  subgrade „  In  the  single = 
acting  tests  performed  on  the  subgrade  alone  (series  "E"),  the  Crosby 
subgrades  again  deflected  more  rapidly  than  the  corresponding  Frederick 
subgradeso  The  difference  in  performance  was  less  consistent  for  the 
double<=aeting  tests  on  the  subgrades  since  here,  if  failure  occurred^, 
the  subgrades  prepared  from  Frederick  soils  apparently  deflected  more 
rapidly  than  the  Crosby  subgradeso  This  variation  from  the  performance 
repeatedly  observed  in  tests  of  combinations  of  subgrade  and  base 
course  offers  supporting  evidence  to  the  statement  that  the  interactions 
developed  between  the  subgrade  and  the  base  course  may  play  an  important 
role« 

When  evaluated  in  a  single  loading  test  such  as  the  CoBoRo,  accord- 
ing to  the  prevailing  practice  in  flexible  pavement  design,  the  Crosby 
appeared  somewhat  superior  to  the  Fredericko 

TABLE  8.    RESULTS  OF  CALIFORNIA  BEARING  RATIO  TESTS  ON 
CROSBT  AND  FREDERICK  SUBOADES 


SOIL  TYPE 

SUBGRADE 
COMPACTION 

MODING 
MOISTURE 

SOAKED 

CoBoRo 

Crosby 

95$  Stdo  AASHO 

Optimum 

8* 

Frederick 

95%  Stdo  AASHO 

Optimum 

5 

Crosby 

95£  Modo  AASHO 

Optimum 

16 

Frederick 

95£  Modo  AASHO 

Optimum 

5 

The  discrepancy  between  the  effect  of  a  single  load  and  of  repeti- 
tive loading  was  anticipated  by  Seed,  Chan,  and  Monisndth  (12,  p„  541), 
who  state  as  follows: 

Most  methods  of  pavement  design  now  in  use  are  based  on  an 
index  of  soil  strength  determined  by  3ome  type  of  test  in  which 
the  total  load  is  slowly  applied  over  a  period  of  several  minuteso 
These  indices  of  strength  have  been  correlated  empirically  with 
the  performance  of  soil  underlying  actual  pavements  and  thus  pro- 
vide a  fairly  reliable  index  for  designo  It  does  not,  however, 
necessarily  follow  that  a  strength  index  determined  under  condi- 
tions of  slow  stress  increase  will  satisfactorily  indicate  the 
performance  of  the  soil  under  conditions  of  repeated  loadingo 
If  soils  having  the  same  strength  index  behave  in  similar  fashion 
under  repeated  loading,  then  any  difference  between  the  effects 
of  repeated  loads  and  gradually  increased  loads  will  be  taken 
into  account  in  the  empirical  correlation  with  pavement  perform-* 
aneeo 

If,  however s  soils  having  the  same  strength  index  are 
affected  to  different  extents  by  repeated  loading,  then  the 
correlation  of  strength  index  with  pavement  performance  can 
only  be  approximate* 

In  all  of  the  tests  performed  in  this  study  the  water  level  was 
kept  slightly  above  the  top  of  the  sample  with  no  drainage  permitted 
during  the  tests,  since  a  limited  series  of  introductory  tests  had  indi- 
cated that  such  a  closed  system  afforded  the  most  severe  test»  Sub- 
grade  pumping  apparently  did  not  occur  if  the  water  level  was  below  the 
bottom  of  the  loading  piston*  The  difference  in  performance  directly 
attributable  to  subgrade  type  was  found  to  be  slight,  as  shown  in 
Figures  11  to  16,  and  it  is  entirely  possible  that  thiB  difference  could 
be  obscured  in  actual  pavements  by  variations  in  water  retention  char- 
acteristics of  the  soils,  relative  topographic  position,  and  climatic 
variableso  Thus  a  Frederick  subgrade,  located  in  a  region  of  higher 
precipitation,  might  in  fact  pump  more  quickly  than  a  Crosby  subgrade 
if  water  were  present  a  greater  proportion  of  the  time  to  form  a  closed 
system  between  the  pavement,  base,  and  subgradeo 


The  difference  in  performance  of  open-graded  bases  and  dense- 
graded  bases  was  mors  pronouncedo  A  visual  study  was  made  of  the  be- 
havior of  the  various  combinations  during  testing,  and  a  characteristic 
sequence  of  events  observedo  When  double-acting  loading  was  applied  to 
a  combination  with  an  open  type  of  base,  the  subgrade  would  either 
remain  stationary  or  would  gradually  move  upward  through  the  granular 
layero  If  it  did  not  move  entirely  through  the  base  during  the  tests 9 
the  deflections  remained  sraallo  However,  if  the  subgrade  moved  com- 
pletely through  the  base  course 9  the  deflections  abruptly  increasedo 
Plots  of  total  deflection  as  ordinate  against  the  logarithm  of  the 
number  of  load  applications  as  abscissa  thus  showed  a  characteristic 
shape o  The  initial  portion  of  the  deflection  curve  had  a  relatively 
flat  slope,  as  shown  in  curves  A-^  and  C^  of  Figure  9«  If  the  sub- 
grade  had  not  worked  through  the  base  by  the  end  of  the  test  the  slope 
of  this  deflection  curve  remained  essentially  constant,  as  shown  in 
curves  D3  and  G^  of  Figure  9°  If*  however,  the  3ubgrade  pumped  com- 
pletely through  the  granular  layer,  a  sharp  downward  curvature  would 
re  suit  j,  as  shown  by  curve  Ag  of  Figure  9<>  An  increase  in  subgrade  com- 
paction appeared  to  increase  the  number  of  load  applications  required 
to  produce  this  abrupt  increase  in  curvature  (curves  k^  and  Clf  Figures 
7  and  9),  while  an  increase  in  pressure  accelerated  the  onset  of  this 
change  in  slope  (eurvee  A^  and  C^,  Figures  7  to  10)o 

When  double-feting  tests  were  performed  on  combinations  with  dense 
textured  bases  the  subgrade,  if  it  moved  at  all,  moved  n»re  readily 
but  at  a  slower  rate  than  into  the  more-permeable  bases*  The  base 
course  itself  eroded  at  a  fairly  constant  rate.  Thus,  typical  deflec- 
tion curves  for  combinations  of  subgrade  and  base  course  in  which  pump- 


ing  occurred  (curves  Ax  and  Ag,  Figures  7  to  10)  initially  show  a 
greater  deflection  for  the  dense-graded  base  courses..  If  the  subgrade 
pumped  completely  through  the  open-graded  bases,  however,  the  deflec- 
tions rapidly  increased  until  they  equalled,  and  ultimately  exceeded, 
those  of  similar  combinations  with  dense-graded  base  courses,  Since 
an  undesirably-large  deflection  had  occurred  before  the  less-permeable 
base  became  superior  to  the  open-textured  type,  it  appeared  that  the 
later  performed  more  satisfactorilyo 

This  same  sequence  of  events,  to  a  reduced  scale,  occurred  in  the 
single=acting  testso  Under  successive  load  applications  the  finer 
particles  of  the  dense-graded  bases  were  pumped  upward  and  collected 
on  the  loading  piston,  while  the  subgrades  moved  upward  slowly  and 
through  the  more=permeable  base  courseso 

The  description  of  base  course  and  subgrade  pumping  given  in  the 
preceding  paragraphs  served  to  explain  the  results  of  the  laboratory 
pumping  testso  In  series  "A",  the  large  applied  pressure  and  double- 
acting  type  of  loading  accelerated  the  pumpingo  Thus,  while  the  com- 
binations of  subgrades  with  dense=>graded  bases  initially  deflected  more 
than  those  with  open=>textured  bases,  by  the  end  of  the  test  subgrade 
pumping  had  been  sufficiently  developed  so  that  samples  with  the  more- 
permeable  bases  moved  more  Po  No0  200  material  from  toe  subgrade  and  pumped 
more  material  to  the  surface  of  the  baseo  In  series  "C",  the  lower 
applied  pressure  was  insufficient  to  develop  pumping  in  several  of  the 
specimens  with  open-graded  base  courses,  henee  samples  with  dense= 
graded  base  courses  moved  more  Po  Noo  200  material  from  the  subgrade  and 
pumped  more  material  to  the  surface  of  the  baseo  Similarly,  in  the 
single-acting  tests  (series  MB"  and  "D"),  the  dense-graded  bases  pumped 


more  than  the  open  and  had  a  greater  P„  No„  200  increase  above  the  top  of 
the  subgradeo 

The  more-permeable  base  courses,  as  was  anticipated,  generally 
had  the  greater  Po  No,  200  increase  within  the  base0  An  exception  to 
this  was  series  "D"  in  which  the  low  applied  pressure,  in  conjunction  with 
the  single-acting  type  of  loading,  was  apparently  insufficient  to  cause 
extensive  intermixing  of  the  subgrade  with  open-textured  base  courseso 
It  was  first  believed  that  the  loading  in  series  "D"  tests  had  been 
insufficient  to  produce  pumping  of  either  the  base  or  the  subgrade,  and 
the  greater  weight  of  material  pumped  by  dense=textured  base  courses, 
although  significant  in  a  statistical  analysis,  was  attributed  to  segre- 
gation of  particles  within  the  base  resulting  from  vibratory  compaction^ 
The  greater  Po  Noo  200  increase  exhibited  by  these  bases,  however,  could 
only  be  attributed  to  pumping  of  the  subgradeo  As  a  matter  of  interest „ 
one  test  with  a  dense-graded  base  course  was  subjected  to  100,000  repe- 
titions of  10  psi  SoAo  loading,  at  the  end  of  which  period  an  appreciable 
amount  of  base  material  had  been  pumped  to  the  surfaceo  This  served  to 
eonfirm  the  earlier  conclusion  that  dense-textured  bases  pumped  more 
than  open-textured  bases  in  10  psi  So  Ac  tests,  as  well  as  in  40  psi  SoAo 
testso 

Increasing  the  compaction  of  the  subgrade,  without  exception,  proved 
benefieialo  For  specimens  with  open-graded  bases,  as  previously  sug- 
gested, it  either  prevented  subgrade  pumping  entirely  or  increased  the 
number  of  load  applications  required  to  produce  pumping.  Its  apparent 
effect  with  dense=graded  base  samples  was  to  produce  a  more  rigid  sub- 
grade-base  strueture  which  deflected  less  under  a  given  load,  and  henoe 
redueed  the  rate  at  whieh  base  course  erosion  progressed^ 


The  combined  effects  of  subgrade  type,  base  course  type,  and  sub- 
grade  compaction  are  strikingly  illustrated  in  series  "C"  tests  (10 
psi,  DoAo)0  Here  a  standard  Crosby  subgrade  soil  with  an  open-textured 
base  pumped  extensively  while  a  standard  Frederick  subgrade  with  the 
same  base  course  did  not  pumpo  Substitution  of  a  modified  Crosby  sub- 
grade  for  the  standard  Crosby  subgrade  again  prevented  pumpingo  The 
effect  of  applied  pressure  can  be  evaluated  by  comparing  these  results 
with  those  of  series  "A"  (40  psi,  DoA,),  in  which  all  combinations  with 
open-graded  base  courses  pumped  severelyo 

The  general  effect  of  an  increase  in  base  course  compaction  from 
Dr  «  Oo75  to  Dr  ■  Oo95  was  to  reduce  the  total  deflection*.  This  trend 
was  not  well  defined,  and  accounted  for  only  a  small  percentage  of  the 
assignable  varianceo  The  inconclusive  nature  of  these  results  may  be 
attributable,  at  least  in  part,  to  the  difficulties  in  accurate  base 
course  compaction  which  were  described  previously  in  this  report* 

An  increase  from  10  psi  to  40  psi  in  the  applied  pressure  acceler- 
ated the  onset  of  both  subgrade  pumping  and  base  course  erosiono  Samples 
with  standard  eubgrades  were  more  adversely  affected  by  this  pressure 
increase  than  were  similar  specimens  with  modified  subgradeso  The 
greatest  increase  in  deflection  and  intermixing  occurred  with  open- 
textured  base  courses  on  standard  subgradeso  Prom  the  variance  analyses 
of  the  combined  series  nA-Cn  and  "&=D%  this  increase  in  pressure 
appeared  as  the  largest  single  factor  affecting  the  deflection  of  all 

samples- 

Increasing  the  number  of  applied  loads  from  N^  to  Nj  increased  the 
defleetions  in  all  test  series,  with  the  larger  effect  occurring  in  the 
double-acting  series  "A"  and  "Co  The  reason  for  this  becomes  apparent 


when  the  composite  deflection  curves  shown  in  Figures  7  to  ID  are 
axaadnedo  The  numbers  of  load  applications  represented  by  Nx  approxi- 
mately correspond  to  the  points  at  which  the  deflection  curve  of  pumping 
specimens  abruptly  trend  downward,  while  N2  represents  the  number  of 
load  applications  required  to  produce  deflections  near  the  maximum  for 
the  testing  equipment  (two  inches) .  Hence,  an  increase  from  N,  to  N2 
in  the  number  of  applied  loads  produced  a  large  increase  in  the  deflec- 
tion of  the  violently-pumping  samples  found  in  series  "A"  and  occasion- 
ally in  series  "Co 

The  few  tests  performed  in  series  "F"  indicated  that  a  large  degree 
of  degradation  could  result  with  both  open-graded  and  dense-graded  base 
courses  due  to  repetitive  loadingo  Evaluation  of  the  extent  to  which 
this  degradation  occurred  in  tests  on  combined  samples,  however,  became 
extremely  diffieulto  For  those  tests  in  series  "C"  in  which  small  de- 
flections occurred,  as  well  as  in  the  single-acting  tests  of  series  "Bn 
and  "D%  it  is  likely  that  any  degradation  which  occurred  was  slight- 
The  severest  degradation  in  series  "Fn  occurred  in  double=»acting  tests 
on  loosely  compacted  samples  where  the  loading  piston  was  operating  at 
full  stroke  stroughout  the  greater  part  of  the  testo  Therefore,  in 
those  test3  in  series  "A"  and  "C"  in  which  large  deflections  occurred, 
it  seems  probable  that  fairly  extensive  base  degradation  was  also  pre- 
sent, although  the  subgrade  soil  in  the  pumped  material  would  certainly 
have  a  cushioning  effect  in  reducing  abrasion..  Such  degradation  of  the 
base  course  would  explain  the  consistently  low  values  obtained  for  the 
Atterberg  Limits  on  the  Po  No*  200  fraction  of  the  pumped  material  in 
these  test  series o  The  maximum  values  of  degradation  obtained  in  this 
test  series  are  considered  somewhat  unrealistic,  however,  since  the 


type  of  test  was  much  too  sever<>  They  perhaps  Berve  to  indicate  a 
safe  upper  limit  for  the  degradation  which  could  conceivably  have 
occurred  in  any  of  the  other  testa* 

Fortunately,  the  results  of  series  UF"  indicated  that  degradation 
of  the  base,  if  present,  was  about  the  same  for  open-graded  bases  as 
for  dense^graded  oneso  The  chief  effect  of  such  degradation,  therefore, 
would  be  to  increase  the  apparent  differences  between  those  samples 
which  deflected  a  large  amount  and  those  xtfiich  had  small  deflections  at 
the  end  of  the  test  periodo  Any  difference  in  performance  attributable 
to  base  course  type  should  be  put  slightly  affected- 


CONCLUSIONS 

For  the  laboratory  test3  described  in  this  report,  under  the 
stated  boundary  and  initial  conditions ,  the  following  conclusions  appear 
to  be  justified; 

1   Although  the  effect  of  3ubgrade  type  was  not  pronounced, 
samples  with  Frederick  subgrades  were,  for  the  same  conditions  of  test, 
slightly  superior  to  those  with  Crosby  subgrades.  After  the  full  num- 
ber of  loads  had  been  applied,  the  specimens  with  Crosby  subgrades  had 
generally  deflected  more^,  pumped  raore  material  to  the  surface  of  the 
base  course,  and  moved  more  Pa  #200  material  from  the  subgrade 

2c  Samples  with  open-textured  base  courses  deflected  less  under 
repeated  loads  than  those  with  dense^textured  bases  until  the  total 
deflections  had  increased  to  a  point  where  structural  failure  of  an 
overlying  pavement  could  be  postulated .  Intermixing  of  the  subgrade 
and  granular  material  was  most  extensive  with  the  open-graded  bases, 
as  shown  by  their  greater  Po  #200  increase  and  by  visual  observation 
of  the  samples  after  testing*  Specimens  with  the  less-permeable  basep 
however,  had  more  P  #200  material  moved  from  the  subgrade  and  more 
material  pumped  to  the  surface  of  the  base  course,  If  selection  of 
base~course  type  is  feasible  in  a  given  situation,  it  is  therefore 
recommended  that  one  with  an  open=textured  gradation  be  chosen 

3-,  Since  the  open  gradation  proved  superior  to  the  less -permeable 
one  despite  the  fact  that  the  latter  satisfied  several  accepted  criteria 


for  the  design  of  filters  (4)  (14)  (25)  and  the  open  one  did  not,  it 

appears  possible  that  these  criteria  are  not  fully  adequate  for  the 
design  of  a  filter  to  which  repetitive  loading  is  applied,  when  the 
filter  is  placed  over  a  fine-grained  subgrade   This  is  recognized  in 
part  by  the  current  Corps  of  Engineers'  filter  requirements  (21)  which 
state  that  the  D15  size  of  a  filter  placed  over  a  subgrade  which  ia 
plastic  and  contains  no  sand  or  silt  partings  need  not  be  less  than 
one  millimeter^ 

4<   Increasing  the  compaction  of  the  subgrade  in  every  case  de- 
creased the  deflections s  decreased  the  weight  of  material  pumped t   and 
the  amount  of  P  #200  material  moved  from  the  subgrade,   If  this  improve 
ment  can  be  shown  to  be  permanent^  a  high  degree  of  compaction  of  the 
subgrade  should  afford  an  inexpensive  and  generally  applicable  method 
of  improving  the  performance  of  rigid  pavecients  placed  on  fine-grained 
subgrades , 

5.  In  order  for  pumping  to  occur  in  these  tests,  it  was  found 
necessary  that  the  water  level  be  raised  at  least  to  the  bottom  of  the 
loading  piston  so  as  to  form  a  closed  system  with  the  base  course  and 
subgrade-   As  applied  to  a  pavement,  this  would  suggest  that  removal  of 
subgrade  material  by  pumping  can  occur  only  at  those  periods  when  the 
water  table  is  at  or  above  the  surface  of  the  base  course, 

6,  The  magnitude  of  the  applied  pressure  was  found  to  have  a 
major  effect  on  the  variables  studied,  with  the  larger  pressure  tending 
to  produce  greater  deflections,  more  extensive  intermixing,  and  an 
accelerated  pumping  of  both  subgrade  and  base  course  as  compared  with 


small  pressure,  It  la  indicated,,  therefore ,  that  within  the  obvious 
economic  limitations  it  should  be  beneficial  to  reduce  the  contact 
pressure  between  the  pavement  and  the  base  course  by  increasing  the 
thickness  of  the  pavement  slabo 

7"  Increasing  the  number  of  load  applications  increased  the  total 
deflection  of  the  subgrade-base  course  combination  for  all  samples 
testedo 

80  large  deflections  and  a  large  applied  pressure  promoted  degra- 
dation of  the  base  course  during  the  tests<  The  extensive  degradation 
which  apparently  occurred  for  some  of  the  samples  tested,  however,  is 
not  considered  a  likely  occurrence  beneath  pavements  in  serviceo 
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